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Abstract 
Alternative splicing of genes increases the number of distinct proteins in a cell. In the brain it is highly 
prevalent, presumably because proteome diversity is crucial for establishing the complex circuitry between 
trillions of neurons. To provide individual cells with different repertoires of protein isoforms, however, this 
process must be regulated. In this thesis, I investigated the regulation and function of Down syndrome cell 
adhesion molecule 2 (Dscam2) alternative splicing in the fruit fly Drosophila. In chapter one, I provide a 
background to the body of work I have produced.  Previously, I found that the mutually exclusive alternative 
splicing of Drosophila Dscam2 exon 10A and 10B is cell-type-specific. Further, this regulated expression is 
crucial for maintaining axon terminal size in two tightly associated lamina neurons L1 and L2. In chapter 
two, I found that there are many dendritic morphological and synaptic defects associated with the 
misexpression of Dscam2.  This further validates the importance of regulated Dscam2 isoform expression. In 
chapter three, I conducted an RNAi screen and identified muscleblind (mbl) as a regulator of Dscam2 
alternative splicing. Removing Mbl from cells that normally express isoform B induces the expression of 
isoform A and eliminates the expression of B, demonstrating that Mbl represses one alternative exon and 
selects the other. Consistent with these observations, I show that mbl expression is cell-type-specific and 
correlates with the expression of isoform B. This study demonstrates how cell-type-specific expression of a 
splicing factor can provide neurons with unique protein isoforms. Finally, in chapter four, I discuss the 
implications of the findings of this thesis and its future directions.
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Chapter 1: Background 
 
Chapter 1 aims to introduce the history and background of alternative splicing: its function and 
regulation. 
 
 
Some of the text in the following chapter was published in the journal Neurogenesis, on December 
15, 2015. 
 
Li, J.S.S., Shin, G.J. and Millard, S.S. (2015). Neuronal cell-type-specific alternative splicing: a 
mechanism for specifying connections in the brain? Neurogenesis, 2(1). E1122699-6. 
http://doi.org/10.1080/23262133.2015.1122699 
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1. Introduction 
1.1. The discovery of “split genes” 
RNA splicing is the modification of nascent pre-mRNA transcripts, where non-coding regions 
(introns) are removed and coding regions (exons) are joined. Sharp and colleagues first observed 
this in the major late locus of adenovirus when hybridising the DNA with its mature mRNA product 
(Berget et al., 1977; Berget and Sharp, 1977). Interestingly, the mRNA selectively bound to the 
exonic sequences of the DNA, forming unhybridised loops indicative of non-coding regions (Berget 
et al., 1977). In the same year, the discovery of introns in the chicken ovalbumin gene suggested 
that this phenomenon was not unique to viruses but also conserved in eukaryotic organisms 
(Breathnach et al., 1977). Since then, this “split gene” phenomena has become an integral feature of 
most genes we study today. 
 
1.2. Alternative splicing increases proteome diversity 
Promptly after the discovery of introns, Walter Gilbert postulated that, through RNA splicing, 
multiple proteins of related or diverging functions could potentially arise from only a single 
transcription unit (Gilbert, 1978). Accordingly, this idea was validated by the discovery that a 
secreted and membrane-bound form of an antibody was being produced from a single gene (Alt et 
al., 1980a; Alt et al., 1980b; Early et al., 1980a; Early et al., 1980b). More examples of the same 
phenomena have emerged and this mechanism is what we now refer to as alternative splicing (AS). 
More recently, studies indicate that approximately 95% of human multi-exon genes are alternatively 
spliced (Pan et al., 2008; Wang et al., 2008). AS remains a crucial mechanism for generating 
proteomic functional diversity.  
 
1.3. Functional requirements of AS in the nervous system 
The nervous system, in particular, exemplifies the importance of AS, where a plethora of neuronal 
connections are specified using a finite number of genes.  Here, I highlight some examples of how 
this mechanism is essential for neurotransmission, synaptic plasticity and dendritic field 
organisation. 
 
1.3.1. Neurotransmission: AS changes inactivation kinetics of potassium channels 
Voltage-gated potassium (K+) channels are important for restoring axonal membrane potential 
following depolarisation. After opening, the inactivation of K+ channels prevents further K+ efflux, 
independent of membrane potential.  Slow or rapid inactivation of K+ channels alters the duration of 
repolarisation giving rise to different modes of neurotransmission. Drosophila Shaker is a voltage-
gated K+ channel expressed both in muscles (Salkoff, 1983; Wu and Haugland, 1985) and in 
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neurons (Jan et al., 1977; Tanouye et al., 1981). AS of Shaker produces K+ channels that contain N- 
and C-terminals with different lengths  (Schwarz et al., 1988; Solc et al., 1987). Interestingly, 
expressing these variants of Shaker in Xenopus oocytes show that these isoforms display unique 
inactivation kinetics (Iverson and Rudy, 1990). Additionally, the different isoforms of Shaker also 
determine channel cell surface expression levels and clustering (Zandany et al., 2015).  
 
Another example is the calcium-dependent potassium (BK) channel Slowpoke (Slo), where AS also 
plays an important role in producing variants with different kinetic properties.  AS of mouse and 
human Slo generate isoforms with differential calcium sensitivity essential for regulating neuronal 
excitability (Butler et al., 1993; Tseng-Crank et al., 1994).  Interestingly, this sensitivity is also 
important in the cochlea, where the variation of Slo transcripts changes the resonant frequency of 
hair cells (Navaratnam et al., 1997; Rosenblatt et al., 1997).  Therefore, the AS of both Shaker and 
Slo is important for modulating neurotransmission through differential kinetics and localisation. 
 
1.3.2. Neural plasticity: AS modulates synaptic strength and long-term plasticity 
Synaptic plasticity is the strengthening or weakening of synapses in response to the varied pattern 
of neuronal activity. NMDA and AMPA glutamate receptors facilitate this by eliciting long-term 
potentiation or depression depending on the frequency of depolarisation. Trans-synaptic cell 
adhesion molecules, like the neurexins, are known to modulate this synaptic maintenance (Craig 
and Kang, 2007; Krueger et al., 2012). Six principal neurexins (Nrxn1α-3α and 1β-3β) are 
produced from three different genes (Nrxn1-3), each of which drives transcription of a long and 
short isoform from independent promoters (Ushkaryov et al., 1992). Extensive AS of Nrxns can 
produce more than 3000 different variants (Schreiner et al., 2014; Treutlein et al., 2014; Ushkaryov 
and Sudhof, 1993). Among the five canonical splicing sites found in Nrxns (splice sites 1-5[SS1-
SS5] (Ullrich et al., 1995)), the presence (SS4+) or absence (SS4-) of SS4 in Nrxn3 is highly 
regulated (Aoto et al., 2013). In particular, Nrxn3-SS4- is enriched in the cerebral cortex and the 
hippocampus, regions of the brain involved in learning and memory. Furthermore, Nrxn3-SS4- is 
essential for AMPAR-mediated evoked excitatory postsynaptic currents, as well as NMDA-
dependent long-term potentiation. Accordingly, constitutive expression of the Nrxn3-SS4+ isoform 
decreases postsynaptic AMPAR levels through increased endocytosis (Aoto et al., 2013). 
Interestingly, this retention is not mediated by postsynaptic neuroligin-1 but by the Nrxn-SS4- 
isoform-specific ligand, LRRTM2 (de Wit et al., 2009; Ko et al., 2009a; Siddiqui et al., 2010). 
Thus, the AS of presynaptic Nrxn3-SS4 allows neurons to modulate synaptic strength and long-
term plasticity. 
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1.3.3. Neuronal self-avoidance: Probabilistic AS establishes unique neuronal identity  
Neuronal self-avoidance maximises the dendritic receptive field of individual neurons.  Typically, 
this is mediated through the use of cell recognition molecules (CRMs), which allow neurons to 
discriminate between self and non-self processes.  Through AS, overlapping neurons can express 
different combinations of CRM isoforms, thus permitting self-avoidance without interfering with 
one another.   
 
In Drosophila, Dscam1 is a CRM of the immunoglobulin (Ig) superfamily that is essential for 
dendritic self-avoidance (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007).  Through 
mutually exclusive AS of four exon clusters, 38,016 potential isoforms can be generated 
(Schmucker et al. 2000).  Each Dscam1 isoform exhibits a unique binding specificity, whereby 
identical or similar isoforms mediate homophilic binding (Wojtowicz et al., 2004; Wojtowicz et al., 
2007; Wu et al., 2012). Interestingly, single cell RT-PCR and in vivo isoform-specific reporters 
show that Dscam1 splicing is stochastic (Miura et al., 2013; Neves et al., 2004). Consistent with 
this, reducing Dscam1 isoform diversity does not perturb self-avoidance, but instead causes 
unwanted avoidance between overlapping neurons (Hattori et al., 2009; Hattori et al., 2007). The 
probabilistic splicing of Dscam1 establishes the “chemoaffinity” identity of individual neurons 
permitting self-avoidance but not avoidance with other cells. 
 
Similar mechanisms for self-avoidance have also evolved in vertebrates. Protocadherin γ is a CRM 
required for dendritic self-avoidance in the mouse retina and cerebella (Lefebvre et al., 2012b). 
Alternative selection of the first exon in the clustered protocadherin γ locus produces 22 isoforms 
that display homophilic binding (Wu et al. 1999, 2000;Thu et al 2014, Cell). RT-PCR of single 
cerebellar Purkinje cells show that isoform expression is probabilistic (Kaneko et al., 2006).  
Importantly, reducing isoform diversity of protocadherin γ lead to inappropriate heteroneuronal 
interactions (Lefebvre et al., 2012b), reminiscent of Dscam1. Thus, probabilistic splicing may have 
evolved as a strategy to establish unique neuronal identity for self-avoidance, despite the use of 
different CRMs. 
 
1.4. The regulation of AS 
Both the regulated and constitutive AS events in our genome play a major role in neural circuit 
formation and function. However, how this overabundance of AS events is controlled, remains 
poorly understood. Since these events outnumber the amount of regulators, designated factors that 
determine a single splicing event are less prevalent (Baker, 1989). Moreover, it is predicted that the 
majority of splicing factors regulate numerous AS events rather than just one. Accordingly, this idea 
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has been validated by many discoveries that link only a handful of splicing factors to countless AS 
events (Gabut et al., 2008; Matlin et al., 2005). 
 
1.4.1. AS requires the core splicing machinery 
Although the mechanisms involved in selectively including or excluding exons in AS is different 
from that of RNA splicing, the machinery utilised to remove introns are conserved. RNA splicing is 
carried-out co-transcriptionally by a protein complex called the spliceosome. This consists of five 
small nuclear ribonucleoprotein particles (snRNP; U1, U2, U4, U5, U6) and multiple auxiliary 
factors (AF; SF1, U2AF65, U2AF35) that catalyse a two-step process to remove the intron (Black, 
2003; Black and Grabowski, 2003). Specific sequences within the intron direct this precise excision. 
The donor splice site, which demarcates the exon/intron junction at the 5’ end of the intron, consists 
of a GU dinucleotide among a string of less conserved consensus sequence (Fig. 1A).  The 3’ end of 
the intron is composed of a branch point, followed by a polypyrimidine tract and an acceptor splice 
site (AG dinucleotide).  
 
Spliceosome assembly is initiated by the formation of the early (E) or commitment complex (Fig. 
1B). This involves the binding of U1 snRNP to the donor splice site, SF1 to the branch point 
(Berglund et al., 1997), the U2AF65 and U2AF35 heterodimers to the polypyrimidine tract and the 
acceptor splice site, respectively (Nelson and Green, 1989; Zamore and Green, 1989). The A 
complex is formed when the U2 snRNP displaces SF1. Subsequently, U4/U5/U6 tri-snRNP 
complex is recruited to form the B complex.  Further rearrangements, in which U6 displaces U1 
snRNP at the donor site and also the detachment of U1 and U4 snRNP result in the C complex. It is 
the C complex that undergoes the two steps of splicing. For AS, much of the same splicing 
machinery is used, but additional regulatory factors and RNA sequences help decide which splice 
sites to select.  
 
1.4.2. Activators of splicing: Serine/Arginine (SR)-rich proteins 
Exonic splicing enhancers (ESEs) are sequences that activate splicing and are bound by at least a 
single SR protein (Schaal and Maniatis, 1999).  SR proteins are crucial for the splicing of all 
metazoan introns and are characterised by one or two N-terminal RNA recognition motifs (RRM) 
followed by a downstream arginine/serine (RS)-rich domain of variable length (Zahler et al., 1992). 
The RRMs bind RNA, whereas the RS domains interact with other SR proteins and components of 
the splicing machinery: including U1 snRNP and U2AF35 (Eperon et al., 1993; Kohtz et al., 1994; 
Staknis and Reed, 1994; Wang et al., 1995; Zahler and Roth, 1995; Zuo and Maniatis, 1996). More 
importantly, SR proteins play a crucial role in the modulation of AS.  This is achieved by binding 
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ESEs activating the splicing of adjacent introns. ESE-dependent introns often possess a non-
consensus polypyrimidine tract with weak U2AF65 binding. Since U2AF35 binds U2AF65, it is 
thought that SR proteins help facilitate the splicing of these exons through its association with 
U2AF35 (Tian and Maniatis, 1994). One illustration of this is the AS of the Drosophila doublesex 
(dsx) pre-mRNA.  Exon 4 of dsx contains a poor polypyrimidine tract and splicing enhancer 
sequences that bind the SR protein RBP1, Transformer (Tra) and an SR-related protein called 
Tra2(Lynch and Maniatis, 1995). In males, the absence of Tra causes exon 4 skipping of dsx pre-
mRNA. In contrast, the presence of Tra in females and its associated proteins, RBP1 and Tra2, help 
stabilise the binding of U2AF to the weak 3’ splice site resulting in the inclusion of exon 4. 
Interestingly, the male-specific dsx transcript produces a transcriptional factor that leads to male 
differentiation, whereas the female-specific dsx transcript is crucial for female differentiation 
(Burtis, 2002; Coschigano and Wensink, 1993). Thus, SR proteins promote splicing and act as 
activators of AS. 
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1.4.3. Repressors of splicing: Heterogeneous nuclear RNPs (hnRNP) 
Exonic splicing silencers (ESSs) and intronic splicing silencers (ISSs) are repressors of splicing and 
are recognised by hnRNPs. Unlike the SR proteins, hnRNPs are not strictly defined and are flexible 
in their classification. Most hnRNPs possess an RRM and Arg-Gly-Gly tripeptide repeats (RGG 
boxes) that recognise specific RNA sequences. One proposed mechanism through which hnRNPs 
repress splicing is to prevent the assembly of general splicing factors and SR proteins. In particular, 
protein multimerisation along an exon is initiated by the binding of an hnRNP to a strong ESS that 
subsequently recruits more hnRNPs to adjacent weak ESSs (Martinez-Contreras et al., 2007; Zhu et 
al., 2001). Alternatively, hnRNPs can repress splicing by looping out entire exons blocking the 
recruitment snRNPs (Damgaard et al., 2002; Nasim et al., 2002). More intriguing is the simplistic 
model that the balance between positive acting and negative acting splice sites determine whether 
splicing occurs or is inhibited (Fu, 2004; Nilsen and Graveley, 2010). One example of this is found 
in the splicing of the Dscam1 exon 6 cluster. The exon 6 cluster of Dscam1 contains 48 cassettes 
that undergo mutually exclusive AS (Schmucker et al., 2000).  Knocking down the hnRNP, 
HRB87F, in S2 cells caused the inclusion of multiple exons suggesting that HRB87F is required for 
the active repression of all cassettes in the exon 6 cluster (Olson et al., 2007). Interestingly, 
depleting the SR protein, B52, together with HRB87F rescues this phenotype. These result show 
that hnRNPs repress exon selection, but also play balancing roles with SR proteins. 
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Figure 1.1. The core machinery of RNA splicing. 
(A) Schematic showing the components of an intron. The 5’ end consists of a donor splice site 
which the consensus sequences GU. The 3’end consists of three components: a branch point, 
polypyrimidine tract and an acceptor splice site (AG). 
(B) Schematic showing spliceosome assembly. In the early (E) complex, the donor splice site, 
branch point, polypyrimidine tract and the acceptor splice site are bound by the U1 snRNP, SF1, 
U2AF65 and U2AF35, respectively. The A complex forms when the U2 snRNP displaces the SF1. 
Further recruitment of U4/5/6 tri-snRNP forms the B complex. The subsequent loss of U1 and U4 
snRNPs transitions the complex to the C complex. It is the C complex that undergoes the two steps 
of splicing (catalysis). Figure adapted from (Black, 2003). 
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1.5. Function and regulation of Dscam2 alternative splicing 
Dscam2 encodes a cell recognition molecule of the Ig superfamily; through mutually exclusive AS 
of exon 10, this gene produces two biochemically distinct isoforms (Dscam2A and Dscam2B). 
These two proteins that only differ by a single Ig domain, exhibit isoform-specific homophilic 
binding: A only binds to A, not B, and vice versa. Similar to Dscam1, homophilic interactions 
between identical isoforms result in repulsion, at least in a subset of neurons. Dscam2-mediated 
avoidance plays an important role in generating boundaries in the visual system and also in 
specifying the postsynaptic composition of photoreceptor synapses (Millard et al., 2007; Millard et 
al., 2010). Given that there are only two Dscam2 variants, stochastic expression of multiple 
isoforms cannot confer neuronal identity like it does for Dscam1. Instead, these biochemical distinct 
proteins may be used to perform similar functions in different neurons, analogous to how two genes 
could produce two independent proteins. If Dscam2 were used in this way, isoform expression 
would be expected to be tightly regulated. We investigated this protein in the visual system where 
Dscam2 mutant phenotypes have been well characterised. 
 
The fly eye is comprised of ~750 ommatidia, each of which houses eight photoreceptors neurons (R 
cells). R1-R6 axons target to the lamina where they form synapses with three of the five lamina 
neurons (L1-L3), whereas R7-R8 project to the medulla neuropil and target within two distinct 
synaptic layers. The medulla is topographically arranged where a repeated array of neuronal 
columns corresponds to the number of ommatidia in the retina. Each column comprises ~60 cell 
types, among which, L1 and L2 are two tightly associated neurons important for motion detection 
(Coombe and Heisenberg, 1986; Rister et al., 2007). The cell bodies of these neurons reside in the 
proximal region of the retina and form stereotypical “bottle-brush”-like dendritic arrays that span 
the lamina cartridge. L1 and L2 axons form output synapses at specific layers in the medulla. Each 
column contains one L1 and one L2 and each neuron makes connections only in its column of 
origin. During early development, L1 axons send out processes as they search for their synaptic 
targets. L1 processes in adjacent columns overlap with one another at this stage and Dscam2-
mediated avoidance ensures that connections are made only in a single column. This process is 
referred to as tiling, which describes the complete but non-overlapping coverage of a synaptic area 
by the same type of neurons. Accordingly, L1 clones that lack Dscam2 show a tiling defect because 
they fail to recognise adjacent L1 axons and thus make additional connections to neighbouring 
columns. Interestingly, L2 neurons that lack Dscam2 exhibit a similar defect in their dendrites, 
where the arrays breach their boundaries and project into neighbouring cartridges. The functional 
requirements for Dscam2-mediated avoidance in L1 and L2 neurons raised the question of how two 
neurons expressing the same avoidance protein can stay physically associated without avoiding one 
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another. In our previous study, we envisioned that regulated AS could resolve this paradox.  
Distinct Dscam2 isoforms expression in L1 and L2 neurons would permit these neurons to avoid 
other cells of the same type, but not each other. 
 
To test this, we generated Dscam2 isoform-specific reporters to visualise splicing choice in vivo. 
These reporter strains revealed that L1 and L2 exhibit exclusive Dscam2 isoform expression with 
L1 expressing Dscam2B and L2 expressing Dscam2A. Cell-type-specific and exclusive Dscam2 
isoform expression was also observed in lamina neurons L3 and L5, whereas dynamic Dscam2 
isoform expression was observed in L4, with Dscam2B expressed at early stages and both isoforms 
expressed later in development. To address whether regulated isoform expression was functionally 
required for neuronal wiring, we engineered Dscam2 alleles with reduced isoform diversity. Using a 
recombinase-mediated cassette exchange approach, we generated lines that expressed a single 
Dscam2 isoform from the endogenous locus (isoform A and isform B strains). Despite a significant 
reduction in animal viability in these single isoform lines, the organisation of the visual system was 
overtly normal. This is surprising given that a large number of cells in the optic lobes express 
Dscam2, and suggests that multiple mechanisms must exist to maintain stereotypic arrangement. 
The lack of tiling phenotypes in L1 axons also suggests that either Dscam2 isoforms are sufficient 
to mediate avoidance. However, a detailed analysis of L1 and L2 axon morphology demonstrated 
that cell-type-specific isoform expression is necessary in these cells. Specifically, we observed a 
reduction in L1 and L2 axon arbour size in single isoform mutants. To confirm that this was due to 
the specific interaction between L1 and L2, as opposed to interactions with the other cells in the 
same fascicle in our whole animal single isoform lines, we conducted mosaic analysis with a 
repressible cell marker (MARCM). We generated L1 or L2 clones, homozygous for a single 
Dscam2 isoform, in an otherwise heterozygous background. Using this approach, different isoform-
expression combinations of L1 and L2 neurons within a single column were generated allowing us 
to assess the functional consequences of disrupting isoform specificity. Since we knew which 
isoform each lamina neuron in the fascicle expressed, we could predict the isoform composition of 
unlabelled cells surrounding the labelled cell.  For example, labelled L1 clones expressing 
Dscam2A would encounter unlabelled L2 neurons also expressing Dscam2A. In this case, a severe 
reduction in arbour size was observed as expected. On the other hand, using the same Dscam2A 
MARCM strategy, L2 clones expressing Dscam2A were engineered to meet unlabelled 
heterozygous L1 neurons expressing both Dscam2A and Dscam2B. Interesting, an intermediate 
reduction in arbour size was observed with this scenario. This data suggests that Dscam2-mediated 
avoidance can be modulated by the degree of isoform similarity. Cells expressing identical isoforms 
exhibit more avoidance than cells expressing different combinations of isoforms. This could serve 
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as a way to modulate Dscam2 recognition and avoidance, thus providing additional mechanisms for 
neuron to interact in a Dscam2-dependent manner.   
 
Our previous work exemplified the importance of cell-type-specific AS in the proper wiring of 
neurons. We propose that L1 and L2 neurons express distinct Dscam2 isoforms so that they can 
avoid neighbouring cells of the same type, but not each other. Differential isoform expression 
allows for normal axon terminal development in L1 and L2 neurons by avoiding inappropriate 
interactions. This mechanism is likely also important for photoreceptor synapses where L1 and L2 
are invariantly paired in each postsynaptic compartment. Previous work demonstrated that Dscam1 
and Dscam2 redundantly mediated self-avoidance in these cells to prevent sister neurites from 
incorporating in to the same synapse (Millard et al., 2010). In this thesis, we aim to assess both the 
function and regulation of Dscam2 alternative splicing in the Drosophila visual system. We first 
address the function of regulated Dscam2 alternative splicing in the context of photoreceptor 
synapse organisation and dendrite morphogensis of L1 and L2 neurons. Finally, we aim to identify 
the splicing factor that regulates the deterministic splicing of Dscam2. 
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Chapter 2: Regulated alternative splicing of Drosophila 
Dscam2 is necessary for attaining the appropriate number of 
photoreceptor synapses  
 
Chapter 2 describes the functional consequences of Dscam2 isoform misexpression in 
photoreceptor synapses and L1 and L2 dendrite morphology. 
 
 
The text in the following chapter was published in the journal Genetics, on February 1, 2018. 
 
Kerwin, S.K.*, Li, J.S.S.*, Noakes, P.G., Shin, G.J. and Millard, S.S. (2018). Regulated alternative 
splicing of Drosophila Dscam2 is necessary for attaining the appropriate number of photoreceptor 
synapses. Genetics, 208(2), 717-728. 
*equal contribution 
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2.1 Introduction 
The genome has evolved many mechanisms to allow a finite number of genes to perform a plethora 
of biological processes. One way that this can be accomplished is by increasing the diversity of the 
proteome. During neurodevelopment, the stochastic expression of distinct isoforms is necessary for 
receptive field elaboration and spacing, as has been shown for Drosophila Dscam1 (Hughes et al., 
2007; Matthews et al., 2007; Soba et al., 2007) and the mouse protocadherin γ-subcluster 
(Lefebvre et al., 2012a). The prominence of probabilistic expression of unique isoforms may have 
evolved as a strategy to establish distinct neuronal identities for ubiquitous processes such as self-
avoidance.  
 
To contribute to proteome diversity, alternative isoforms need to have distinct biochemical 
functions or to be expressed in unique spatiotemporal patterns. Alternative splicing is most 
prevalent in the nervous system, presumably so that it can contribute to the functional complexity of 
the brain (Merkin et al., 2012; Raj and Blencowe, 2015).  Although examples of regulated isoform 
expression between neuronal sub-types in C. elegans (Norris et al., 2014; Tomioka et al., 2016), 
Drosophila (Lah et al., 2014) and the mammalian nervous system (Chen et al., 2017; Fuccillo et al., 
2015; Iijima et al., 2014; Schreiner et al., 2014; Zhang et al., 2016b) exist, whether distinct isoforms 
play unique roles in synapse formation is largely unexplored (Nguyen et al., 2016).  For the purpose 
of neuronal connectivity, both the mammalian neurexins and Drosophila Dscam2 produce isoforms 
with distinct binding specificities in a cell-type specific manner. Neurexins are trans-synaptic cell 
recognition molecules known to modulate synaptic potentiation through extensive alternative 
splicing of up to 11520 isoforms (Schreiner et al., 2014).  The cell-type-specific binding specificity 
and regulated expression of different neurexins to different extracellular ligands such as neuroligins 
and cerebellins (Boucard et al., 2012; Ko et al., 2009b; Matsuda and Yuzaki, 2011; Siddiqui et al., 
2010; Uemura et al., 2010) is crucial for postsynaptic long-term potentiation (Aoto et al., 2013).  In 
Drosophila, Dscam2 is a cell recognition molecule that is important for cell-type-specific avoidance 
(tiling) and self-avoidance (Millard et al., 2007; Millard et al., 2010). Alternative splicing of 
Dscam2 produces two isoforms with different extracellular domains that confer isoform-specific 
homophilic recognition (Millard et al., 2007). Previously, we showed that Dscam1 and Dscam2 
redundantly promote self-avoidance of sister neurites in the overlapping dendritic arrays of lamina 
neurons, L1 and L2 (Millard et al., 2010).  This prevents neurites from the same cell from 
incorporating onto the same presynaptic site (synaptic exclusion) ensuring the invariant pairing of 
L1 and L2 neurites. What remained puzzling was how Dscam2 could distinguish between self 
(L1/L1 and L2/L2) and non-self (L1/L2) pairing. A model was proposed where cell-specific 
Dscam2 isoform expression could mediate self-avoidance and avoid inappropriate interactions 
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between L1 and L2 through isoform-specific homophilic binding.  In our subsequent study, we 
demonstrated that L1 and L2 cells indeed express distinct Dscam2 isoforms (Lah et al., 2014; Li et 
al., 2015b). What has not been tested, however, is whether cell-specific expression of Dscam2 is 
required for photoreceptor (R cell) synapse formation. If L1 and L2 expressed the same Dscam2 
isoform, avoidance between their dendrites at R cell synapses might be expected to prevent 
synapses from forming entirely. However, R cell synaptogenesis is a robust process and to our 
knowledge there are no examples in the literature of mutations in genes that change the number of 
R cell synapses (Hiesinger et al., 2006; Schwabe et al., 2014). Here, we test whether regulated 
alternative splicing of Dscam2 is necessary for the assembly of R cell synapses. Using both light 
and electron microscopy (EM), we found that R cell synapses are reduced in flies expressing a 
single Dscam2 isoform. We also found morphological defects in the dendrites of L1 and L2, 
suggesting that inappropriate interactions between these cells decreases dendritic elaboration. We 
conclude that regulated Dscam2 alternative splicing permits proper synaptic organization by 
preventing inappropriate interactions between L1 and L2 dendrites. 
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3.2. Results 
3.2.1. The size of lamina cartridges is reduced in Dscam2 single isoform mutants  
To assess whether Dscam2 alternative splicing is required for lamina cartridge formation, we used 
two previously described fly lines that express a single isoform of Dscam2 from its endogenous 
locus (Lah et al., 2014). In these flies, the spatial and temporal patterns of Dscam2 expression are 
unperturbed, but all Dscam2 positive cells express only one of the possible two extracellular 
domains of Dscam2. The synaptic modules that contain R cell synapses, called lamina cartridges, 
consist of six presynaptic R cell terminals surrounding postsynaptic L1 and L2 lamina neurons.  L1 
and L2 dendrites project radially to form en passant synaptic connections with the R cells (Figure 
2.1A). Although lamina cartridges in the single isoform lines visualised with an antibody against 
chaoptin (mAb24B10) had distinct boundaries between each another, cartridges from the single 
isoform lines were smaller than control cartridges (Figures 2.1B – 2.1F).  This suggested that 
Dscam2 isoform diversity is important in maintaining proper lamina cartridge size. 
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Figure 2.1. Dscam2 single isoform mutants have reduced lamina cartridge size 
(A) Schematic representation of a R cell tetrad synapse showing localization of mAb24B10 (white) 
on the presynaptic membrane. The postsynaptic side of the synapse includes L1 expressing 
Dscam2B, L2 expressing Dscam2A and amacrine/L3/glial cells (^) that represent the variable 
components of the postsynaptic complex. 
(B–D) Representative deconvolved optical cross-sections of mAb24B10 labelled lamina cartridges 
from wild-type (B), Dscam2A(C) and Dscam2B (D) single isoform lines. Scale bars 2µm.  
(E and F) Quantification of anti-chaoptin labelled area (between white outline and red outline) (E) 
and the center region of each cartridge devoid of labelling (within red outline) (F).  
(G) Quantification of the number of R cells per cartridge using Csp staining. Boxplot format: 
middle line=median, error bars=min and max, box=25-75% quartiles, each datapoint=singke 
cartridge. Cartridge number for each genotype is shown in parentheses. Kruskal-Wallis test with 
Dunn’s multiple comparison test. n.s p>0.05 and ****p<0.0001. 
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2.2.2. Presynaptic defects in Dscam2 single isoform lines  
To determine what contributes to the reduction in lamina cartridge size, we first analyzed the 
expression of presynaptic-associated protein, Discs large (dlg).  A member of the membrane-
associated guanylate kinase (MAGUK) family, dlg, is a cytoplasmic scaffolding protein associated 
with the presynaptic membrane of Drosophila photoreceptors and invaginations of glia called 
capitate projections.  We therefore used dlg as marker for the structural integrity of the presynaptic 
terminal (Hamanaka and Meinertzhagen, 2010; Woods and Bryant, 1993) (Figure 2.2A).  To 
determine if the organization of the terminal was disrupted, two measurements were taken: the area 
demarcated by dlg and the area devoid of the marker in the center of each cartridge, where lamina 
neurons L1 and L2 reside. The area demarcated by dlg was similar between Dscam2 single isoform 
lines and controls (Figures 2.2B – 2.2D and 2.2H), whereas the area occupied by L1 and L2 within 
the cartridge was reduced (Figure 2.2I). Since dlg within the presynaptic membrane was 
unperturbed, the reduction in cartridge size (Figure 2.2H) that we observed was likely due to 
changes in postsynaptic contributions to the cartridge.  
 
Although dlg expression appeared normal, we wondered whether other presynaptic proteins more 
intimately involved in synaptic release were perturbed.  Synapsin, is a conserved phosphoprotein 
that bridges vesicles and the cytoskeleton and is known to be a marker for the reserve synaptic 
vesicle pool (Greengard et al., 1993; Pieribone et al., 1995) (Figure 2.2A).  The number of synapsin 
puncta per cartridge was reduced in Dscam2A single isoform lines and to a lesser extent in 
Dscam2B single isoform lines compared to controls (Figures 2.2E – 2.2G and 2.2J).   
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Figure 2.2. Dscam2 single isoform mutants have a reduction in the presynaptic 
markers dlg and synapsin 
(A) Schematic representation of a R cell tetrad synapse showing localization of synapsin 
(white) and dlg (green) on the presynaptic membrane. The postsynaptic side of the 
synapse includes L1 expressing Dscam2B, L2 expressing Dscam2A and amacrine/L3/glial 
cells (^) that represent the variable components of the postsynaptic complex. 
 (B–G) Representative deconvolved optical cross-sections of lamina cartridges from wild-
type (WT), Dscam2A (A/A) and Dscam2B (B/B) single isoform lines. (B–D) dlg labelling 
(green) and (E–G) anti-synapsin (white).  
 (H–I) Quantification of anti-dlg labelled area (between white outline and red outline) (H) 
and the centre region of each cartridge devoid of labelling (within red outline) (I).  
 (J) Quantification of synapsin puncta per lamina cartridge using “spot tool” in Imaris.  As 
the cartridge is difficult to define with synapsin labelling alone, co-staining with 
synaptotagmin 4 (see Figure 2.5) was performed to demarcate cartridges. Boxplot format: 
middle line=median, range bars=min and max, box=25-75% quartiles, each data 
point=single cartridge. Cartridge number for each genotype is shown in parentheses. 
Kruskal-Wallis test with Dunn’s multiple comparison test. n.s p>0.05 and ****p<0.0001. 
Scale bars 2µm. 
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We also analysed Cysteine string protein (Csp), another conserved presynaptic protein that is 
essential for regulated neurotransmission (Zinsmaier et al., 1994).  It acts as a chaperone to traffic 
the synaptic vesicle and coordinate neurotransmitter release by binding to two of the major 
components of the vesicular exocytosis machinery (syntaxin and synaptotagmin 1) while promoting 
the activity of presynaptic calcium channels (Figure 2.3A) (Nie et al., 1999; Wu et al., 1999). In 
control cartridges, Csp highlighted regions of the presynaptic membrane that come into contact with 
the postsynaptic lamina neuron dendrites.  In Dscam2 single isoform lines, both the area demarcated 
by Csp and area occupied by L1 and L2 was reduced compared to controls (Figures 2.3B – 2.3F). 
This confirmed our synapsin results and suggested that although the structural integrity of the 
presynaptic terminals was intact, the synaptic release machinery was perturbed in Dscam2 single 
isoform lines. 
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Figure 2.3. Dscam2 single isoform mutants have a reduction in the presynaptic marker Csp. 
(A) Schematic representation of a R cell tetrad synapse showing localisation of Csp (blue) on the 
presynaptic membrane. The postsynaptic side of the synapse includes L1 expressing Dscam2B, L2 
expressing Dscam2A and amacrine/L3/glial cells (^) that represent the variable components of the 
postsynaptic complex. 
(B–G) Representative deconvolved optical cross-sections of anti-Csp labelled lamina cartridges 
from wild-type (B), Dscam2A(C) and Dscam2B (D) single isoform lines.  (B–D) anti-Csp (blue). 
Scale bars 2µm.  
(E and F) Quantification of anti-Csp labelled area (between white outline and red outline) (E) and 
the centre region of each cartridge devoid of labelling (within red outline) (F).  
Boxplot format: middle line=median, error bars=min and max, box=25-75% quartiles, each 
datapoint=single cartridge. Cartridge number for each genotype is shown in parentheses. Kruskal-
Wallis test with Dunn’s multiple comparison test. n.s p>0.05 and ****p<0.0001. 
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The reduction in presynaptic machinery suggested that the number of synapses could be reduced in 
single isoform lines. We therefore analysed the structural T-bar ribbon associated protein, 
Bruchpilot (brp), an orthologue of ELKs family synaptic proteins in vertebrates (Wagh et al., 2006). 
Comparative studies using EM and light microscopy have shown that there is a one to one 
relationship between brp puncta and synapses defined as an active zone apposed to a postsynaptic 
density (Chen et al., 2014b; Mosca and Luo, 2014; Sugie et al., 2015).  Thus, brp is widely accepted 
as the most reliable marker to quantify the number of synapses in flies using light microscopy 
(Figure 2.4A).  Visualisation of brp was achieved using a SNAP-tagged knock-in construct inserted 
into endogenous brp locus (Kohl et al., 2014).  Brp-SNAP animals were crossed into a Dscam2 
single isoform background and subsequently labelled with the chemical substrate that detects the 
SNAP transgene.  Brp was quantified as the number of puncta per cartridge in a semi-automated 
fashion using Imaris software.  All brp puncta within a cartridge was included in the analysis as 
previous studies have determined that the majority synapses occur between R cells and L1 and L2 
in tetrads however, reciprocal connections between L2 and L4 are also minimally represented 
(Meinertzhagen and O'Neil, 1991).  In comparison to controls, a decrease in the number of brp 
puncta per cartridge was observed in Dscam2 single isoform lines (Figures 2.4B – 2.4E).  
Interestingly, the reduction in brp puncta was more dramatic in animals expressing isoform A 
compared to isoform B, suggesting that the two isoforms are not functionally identical.  This brp 
data is consistent with the reduction in Csp area and synapsin numbers and indicates that synapse 
formation is reduced in Dscam2 single isoform lines.  While a reduction in synapses is apparent, 
disrupting Dscam2 isoform expression does not exclude the absolute formation of synapses.  This 
suggests that regulated Dscam2 alternative splicing is necessary for achieving normal levels of R 
cell synapses. 
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Figure 2.4.  Synapses marked by brp are reduced in Dscam2 single isoform mutants 
(A) Schematic showing localization of brp (green) to the T-bar. 
(B–D) Representative deconvolved confocal slices of lamina cartridges expressing the chemical tag 
brp-SNAP (green) and labelled with SNAP-surface 549 in wild-type controls (WT), Dscam2A 
(A/A) and Dscam2B (B/B) single isoform lines.  
(E) Quantification of brp puncta per lamina cartridge using “spot tool” in Imaris.  
Boxplot format: middle line=median, error bars=min and max, box=25-75% quartiles, each 
datapoint=single cartridge. Cartridge number for each genotype is shown in parentheses. Kruskal-
Wallis test with Dunn’s multiple comparison test. n.s p>0.05 and ****p<0.0001. Scale bars 2µm. 
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2.2.3. Postsynaptic defects in Dscam2 single isoform lines 
To investigate the postsynaptic integrity of R cell synapses in single isoform lines, we used 
synaptotagmin 4 (Syt4) to label the postsynaptic L1 and L2 neurons.  Syt4, is localised in a punctate 
fashion to postsynaptic membranes (Adolfsen and Littleton, 2001; Lloyd et al., 2000) and is 
proposed to associate with postsynaptic vesicles. Like other synaptotagmin proteins it acts as a Ca2+ 
sensor, but Syt4 specialises in retrograde vesicle release to the presynaptic terminal, rather than 
presynaptic vesicle fusion (Adolfsen et al., 2004; Yoshihara et al., 2005).  We expressed Syt4 in 
either L1 or L2 neurons using specific Gal4 drivers (seven-up and bab1, respectively) in 
conjunction with a tagged UAS Syt4 transgene (Singari et al., 2014).  Using this method not every 
cartridge was labelled, most likely due to mosaic expression of the Gal4 lines, but we only imaged 
and quantified the cartridges that had clear Syt4 labelling. In controls, Syt4 puncta localised to 
synaptic regions of the lamina cartridge (Figure 2.5A), but it was also detected on the membrane of 
the primary neurite in the middle of each cartridge likely due to the trafficking of the ectopically 
expressed Syt4 to the dendritic compartment (Figures 2.5B–2.5D and 2.5D’). Co-labelling with a 
brp antibody (nc82) demonstrated that brp and Syt4 puncta were apposed to each other suggesting 
that Syt4 localises to the postsynaptic density as previously reported (Adolfsen et al., 2004). In 
single isoform lines, the pattern of Syt4 puncta was similar to controls, but the number of puncta 
was reduced by 50% in both L1 and L2 (Figures 2.6A – 2.6H).  The 20-30% reduction in 
presynaptic brp puncta compared to the 50% reduction in postsynaptic Syt4, suggests that pre- and 
postsynaptic defects are not equal in single isoform lines. The increased severity on the postsynaptic 
side of the synapse is likely due to changes in the complexity of lamina neuron dendrites (see 
below).   
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Figure 2.5. Labelling pre- and postsynaptic apposition with Syt4 and brp. 
(A) Schematic as in Figure 1 showing localisation of Syt4 (magenta) to the postsynaptic 
density (PSD). (B) Representative deconvolved confocal slice of a lamina cartridge 
expressing svp-Gal4(L1)::Syt4-mCherry. Syt4 postsynaptic puncta are marked with 
arrowheads. The strong labelling in the middle of the cartridge is the primary L1 neurite. 
(C) Anti-brp (nc82) labelling of the confocal slice.   
(D and D’) Merged images showing that Syt4 puncta are apposed to brp puncta (arrows 
in H’). The prominent expression in the primary neurite is outlined in white. Scale bars 
2µm. 
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Figure 2.6. Synapses marked by brp and postsynaptic Syt4 are reduced in Dscam2 
single isoform mutants. 
(A-F) Representative deconvolved confocal slices of Syt4 expression in L1 and L2 cells 
in wild-type (WT), Dscam2A (A/A) and Dscam2B (B/B) single isoform lines. (A-C) L1 
expression (svp-Gal4::UAS Syt4-mCherry). (D-F) L2 expression (bab1-Gal4::UAS 
Syt4-mCherry). 
 (G and H) Quantification of Syt4 puncta in L1 (G) and L2 (H). Boxplot format: middle 
line=median, error bars=min and max, box=25-75% quartiles, each datapoint=single 
cartridge. Cartridge number for each genotype is shown in parentheses. Kruskal-Wallis 
test with Dunn’s multiple comparison test. n.s p>0.05 and ****p<0.0001. Scale bars 
2µm. 
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2.2.4. Reduced R cell T-bars and capitate projections in Dscam2 single isoform lines 
To validate the light microscopy results observed in Dscam2 single isoform mutants, we examined 
the lamina cartridges using electron microscopy.  Uniform random cross-sections were obtained in 
~2µm intervals from the most superficial part of the lamina neuropil. To quantify ultrastructural 
characteristics of control and single isoform cartridges, we de-identified the EM images and had 
two counters analyse T-bars and capitate projections in a double-blinded fashion (see methods). 
During the course of this analysis, we observed unidentified multiple-membrane containing 
structures in many of the EM sections so these were quantified as well. In cross-sections of the WT 
lamina neuropil, R cell profiles line the perimeter of each cartridge surrounding L1 and an L2 in the 
center (Figures 2.7A and 2.7B).  In single isoform mutants, disruptions in the positions of R cell and 
lamina neuron profiles were observed (Figures 2.7D and 2.7E), consistent with our light 
microscopy analysis. The multiple-membrane containing structures were observed at a much higher 
frequency in single isoform cartridges compared to controls (Figures 2.8D–2.8G, 2.9D and 2.9H), 
but since their origin was unknown, these were not analysed further. Consistent with our brp results, 
we observed a significant decrease in R-cell associated T-bars (Figures 2.7B–2.7E, 2.9A and 2.9E) 
and capitate projections (Figures 2.8B, 2.8C, 2.9C and 2.9G) in Dscam2A animals when compared 
to controls, whereas Dscam2B mutants showed a reduction that was not statistically significant.  
The number of T-bars not associated with R cells was similar between Dscam2 single isoform 
mutants and control animals (Figures 2.7E, 2.7F, 2.7H, 2.9B and 2.9F).  Since the number of R cells 
and their associated rhabdomeres were not different between single isoform mutants and control 
animals (Figures 2.1G and 2.8A), we ruled out the possibility that the decrease in T-bars was due to 
a loss of R cells. Together, our EM results suggest that regulated Dscam2 isoform expression is 
necessary for obtaining normal T-bar and capitate projection numbers in lamina cartridges. 
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Figure 2.7. Reduced R cell T-bars in Dscam2A single isoforms lines. 
(A-F) Electron micrographs of representative lamina sections from WT, Dscam2A and Dscam2B 
animals imaged using transmission electron microscopy. 
(A) A WT section at low magnification. The R cells of a single cartridge are outlined in cyan. The 
green box outlines a single lamina cartridge.  
(B) A single WT lamina cartridge with R cells lining the perimeter and presumptive lamina neurons 
L1 and L2 in the centre. The yellow box outlines an example of a T-bar.  
(C) An example of a T-bar (black solid arrow head) in WT animals.  The T-shaped platform is 
closely associated with a dense region of presynaptic vesicles opposing the postsynaptic density. 
(D) A Dscam2A single isoform (A/A) lamina cartridge.  
(E) A Dscam2B single isoform (B/B) lamina cartridge. The orange box outlines an example of a 
non-R cell associated T-bar. Scale bar 5µM (A) 2µM (B, D and E). Red asterisks denote T-bars (B, 
D and E). 
(F) Non-R cell associated T-bar (black solid arrow head) in B/B animals.  
 (G and H) Quantification of T-bars associated and not associated with R cells. Shown is the 
average of two counters (see methods). Boxplot format: middle line=median, error bars=min and 
max, box=25-75% quartiles, each datapoint=T-bar. Cartridge number for each genotype is shown in 
parentheses. Kruskal-Wallis test with Dunn’s multiple comparison test. n.s p>0.05 and 
****p<0.0001. 
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Figures 2.8. Electron micrographs of photoreceptor capitate projections and multiple 
membrane-containing structures. 
(A) Quantification of number of rhabdomeres per ommatidia. Ommatidia number for each genotype 
is shown in parentheses. Kruskal-Wallis test with Dunn’s multiple comparison test. n.s p>0.05. 
(B) A wild-type lamina cartridge. The brown box outlines examples of capitate projections. The R 
cells of a single cartridge are outlined in cyan.  
(C) Examples of capitate projections (arrow heads).  These circular structures are invaginations of 
the glial membrane. 
(D) A Dscam2A single isoform lamina cartridge. The blue box outlines an example of a multiple 
membrane-containing structure.  The R cells of a single cartridge are outlined in cyan. 
(E) A Dscam2B single isoform (B/B) lamina cartridge. The pink box outlines examples of multiple 
membrane-containing structures.  The R cells of a single cartridge are outlined in cyan. 
(F and G) Examples of multiple membrane-containing structures. Scale bar 2µM (B, D and E). 
Boxplot format (middle line, median; error bars= min and max, box=25-75% quartiles, each 
datapoint in a different cell). Cartridge number in parentheses. Kruskal-Wallis test with Dunn’s 
multiple comparison test; n.s p>0.05. 
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Figures 2.9. Quantification of lamina cartridge electron micrographs by two separate 
counters 
(A–H) Quantification of T-bars (associated and not associated with R cells), capitate projections 
and multiple membrane-containing structures by two blinded counters. Counter 1 (A–D) and 
Counter 2 (E–H) exhibit similar statistical trends. Boxplot format (middle line, median; error bars= 
min and max, box=25-75% quartiles, each datapoint in a different cell). Cartridge number in 
parentheses. Kruskal-Wallis test with Dunn’s multiple comparison test; n.s p>0.05, *p<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001.   
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2.2.5. Reduced dendrite complexity in Dscam2 single isoform lines 
Our analysis of synaptic proteins in the lamina cartridges revealed that the area occupied by L1 and 
L2 in each cartridge was reduced compared to controls while R cells remained intact. This 
suggested that the dendrites of these cells could be reduced in complexity, presumably due to 
inappropriate Dscam2 interactions. To test this, we used a MultiColor FlpOut (MCFO) approach by 
coupling a Gal4 driver expressed in both L1 and L2 with LN-FLP and UAS>stop>epitope-myr-
smGFP to visualize L1 and L2 dendrites at the single cell level (Nern et al., 2015b). L1 and L2 cell 
were distinguished by their unique axon arbours, which target distinct layers in the medulla. We 
quantified the average width of L1- and L2-dendritic arrays (see methods) expressing different 
Dscam2 isoforms. We found that the width of both L1 and L2 dendritic arrays was decreased in 
single isoform lines (Figures 2.10A – 2.10H). Similar to what we observed for synapses, the 
Dscam2A single isoform line produced more severe phenotypes compared to the Dscam2B line. To 
distinguish whether phenotypes result from the incorrect initiation of dendrites or the inappropriate 
interactions between dendrites after elaboration, we visualised L1 neurons at 48 hours after 
puparium formation (APF).  L1 dendritic arrays were indistinguishable between Dscam2 single 
isoform lines and controls at this time point (Figure 2.11A – 2.11D), arguing that initial 
dendritogenesis is not impaired. These data suggest that expression of distinct Dscam2 isoforms in 
L1 and L2 prevents inappropriate interactions between these cells that lead to defects in dendrite 
morphogenesis. 
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Figure 2.10. Reduced dendrite complexity in Dscam2 single isoform lines in adults  
(A–C) Representative confocal images of L1 dendrites generated using a lamina neuron 
specific FLP (27G05-FLP) and MultiColorFLPout transgenes. (A) Wild-type; (B) 
Dscam2A; (C) Dscam2B.  
(D–F) Representative confocal images of L2 dendrites generated as in A-C. (D) Wild-type 
(E) Dscam2A; (F) Dscam2B. Scale bar 5µM (A – F). 
(G-H) Quantification of L1 and L2 dendritic width in WT, Dscam2A and Dscam2B 
animals (see methods). (G) L1 dendritic width in adults. (H) L2 dendritic width in adults. 
Boxplot format (middle line, median; error bars= min and max, box=25-75% quartiles, 
each datapoint is a different cell). Clone number in parentheses. Kruskal-Wallis test with 
Dunn’s multiple comparison test; n.s p>0.05, *p<0.05, ***p<0.001 and ****p<0.0001.  
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Figure 2.11. Reduced dendrite complexity in Dscam2 single isoform lines during 
development. 
(A–C) Representative confocal images of dendrites generated as in A-C at 48APF. (G) 
Wild type, (H) Dscam2A and (I) Dscam2B. Scale bar 5µm. 
(D) Quantification of L1 dendritic width in WT, Dscam2A and Dscam2B animals (see 
methods) at 48APF. Boxplot format (middle line, median; error bars= min and max, 
box=25-75% quartiles, each datapoint is a different cell). Clone number in parentheses. 
Kruskal-Wallis test with Dunn’s multiple comparison test; n.s p>0.05.  
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 2.2.6. Dscam2 cell-type-specific alternative splicing is essential for dendrite morphogenesis 
To gain insight into whether these dendritic phenotypes are autonomous to L1 and L2, we generated 
L1 and L2 cells homozygous for a single isoform in an otherwise heterozygous background using 
mosaic analysis with a repressible cell marker (MARCM) (Lee and Luo, 2001). Although the single 
isoform lines represent gain of function alleles, we could compare L1 and L2 clones expressing 
either the correct or incorrect isoforms in the identical heterozygous background. This would allow 
us to correlate the severity of dendritic defects with the similarity of isoforms between L1 and L2. 
Similar to the FLPout experiments, L1 MARCM clones expressing a single Dscam2 isoform 
exhibited reductions in dendritic complexity with varying severities. This was categorised into 
phenotypic classes: ‘normal’ - dendrites have a stereotypical bottle brush-like dendritic array, ‘mild’ 
- dendrites are present but reduced in number, and ‘severe’ - dendrites appear to be absent with the 
primary neurite exposed (Figures 2.12A – 2.12F).  Using these parameters, we categorised 
individual L1 clones in a blind fashion. L1 clones expressing the incorrect isoform (Dscam2A) 
displayed the highest penetrance of dendritic loss (Figure 2.12G, 81%), when compared to WT and 
L1 clones expressing the correct isoform (Figure 2.12G, WT: 18% and Dscam2B: 44%). The width 
of the L1 dendritic arrays was also compromised. L1 clones expressing Dscam2A had the most 
severe reduction in dendritic width and this was observed as early as 70hr APF (Figures 2.13A – 
2.13D).  We also analysed L2 single isoform clones and a reciprocal trend was observed. L2 clones 
expressing the wrong isoform (Dscam2B) exhibited the highest penetrance of dendritic loss (Figure 
2.12H; 64%), when compared to WT and L2 clones expressing the correct isoform (Figure 2.12H; 
WT: 24% and Dscam2A: 16%). Similar to the FLPout experiments the L2 dendritic phenotypes 
were less severe than those in L1. However, the MARCM experiments exhibited the expected 
trends in terms of L1-L2 avoidance. Phenotypes were stronger when both cells expressed the same 
isoform compared to when they shared one isoform between them (Figures 2.12G and 2.12H). This 
is consistent with our previous data in L1 and L2 axon terminals (Lah et al., 2014) and argues that 
expression of the same isoform in L1 and L2 causes the dendritic phenotypes.   
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Figure 2.12. Dscam2 cell-type-specific alternative splicing is essential for dendrite 
morphogenesis in adults 
(A-F) MARCM in L1 and L2 cells with Dscam2 single isoform alleles. (A-C) 
Representative confocal images of L1 clones with different severities of dendritic loss. 
(D-F) Representative confocal images of L2 dendrites with different severities of 
dendritic loss.  
 (G and H) Categorisation and quantification of L1 (G) and L2 (H) Dscam2 single 
isoform MARCM. Data in stacked bars (white-normal; gray-mild; black-severe). Fisher’s 
exact test; n.s p>0.05 ***p<0.001. Clone number in parentheses.  
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Figure 2.13. Dscam2 cell-type-specific alternative splicing is essential for dendrite 
morphogenesis during development 
(A-C) Representative confocal images of L1 MARCM clones at 70APF. (A) Wild type, 
(B) Dscam2A and (C) Dscam2B. Scale bar 5µm. 
(D) Quantification of dendritic width in L1 MARCM clones at 70APF.  Boxplot format 
(middle line, median; error bars= min and max, box=25-75% quartiles, each datapoint in 
a different cell).  Clone numbers in parentheses. Kruskal-Wallis test with Dunn’s multiple 
comparison test; n.s p>0.05 and **p<0.01. ANOVA test with Tukey’s multiple 
comparison test was used where data followed a Gaussian distribution. 
.  
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 2.3. Discussion 
In this study, we show that regulated Dscam2 alternative splicing is necessary for R cell 
synaptogenesis and for the elaboration of postsynaptic dendrites. In fly lines expressing only one 
Dscam2 isoform, we observed a reduction in both pre- and postsynaptic markers using light 
microscopy and a reduction in R cell T-bars using EM.  Lastly, we observed a reduction in the 
complexity of L1 and L2 dendrites in single isoform lines. Our data suggest that these phenotypes 
are caused by avoidance between L1 and L2 when these cells express identical Dscam2 isoforms. 
 
Unexpectedly, we found that the Dscam2A single isoform lines exhibited a stronger phenotype than 
their Dscam2B counterpart.  This was evident in both the analysis of synapse numbers and in the 
quantification of L1 and L2 dendritic arrays. Although there was a trend for a reduction in T-bars in 
Dscam2B lines, it did not reach statistical significance by EM. Analysis of brp puncta did 
demonstrate a significant reduction in Dscam2B animals by light microscopy, likely due to the 
numbers involved (~17,000 puncta over 63 cartridges vs 500 T-bars counted over 140 random 
sections). The differences in dendritic phenotypes are more difficult to explain. One possibility is 
that Dscam2A interactions have an increased affinity or avidity compared to Dscam2B interactions 
and that this leads to an increase in avoidance signaling. However, obvious differences in 
homophilic binding were not observed in previous studies using cell aggregation and pull-down 
assays (Millard et al., 2007). Alternatively, changes in the magnitudes of these phenotypes could 
reflect diverse functions for the two isoforms that become unmasked when regulated isoform 
expression is eliminated. Isoform B, for example may function differently from isoform A when 
expressed in A-expressing cells.  
 
A comparison of the presynaptic and postsynaptic defects in the single isoform lines reveals more 
dramatic phenotypes on the postsynaptic side. For example, brp was reduced by 20-30%, but Syt4 
was reduced by 50% in both lines.  The reduction in the complexity of L1 and L2 dendrites also 
suggested a stronger disruption to the postsynaptic compartment. We propose that the tightly 
regulated postsynaptic composition of the R cell synapse may be altered when cell-specific Dscam2 
alternative splicing is eliminated.  With fewer dendrites available to participate in synapse 
formation and inappropriate interactions between L1 and L2 processes, there are likely synapses 
that contain only one process from either L1 or L2 as opposed to the invariant pairing of L1 and L2 
observed at wild-type synapses.  These synapses would presumably still contain a presynaptic T-bar 
but the Syt4 contribution from the absent postsynaptic cell would be missing.  Even if we had 
expressed Syt4 in both L1 and L2 simultaneously instead of individually, however, the resolution of 
our light microscopy would not have been able to distinguish between one versus two Syt4 puncta. 
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Thus, one explanation for the greater reduction in postsynaptic compared to presynaptic puncta is 
that some synapses form in the absence of a canonical L1-L2 postsynaptic pair. 
 
During the course of our EM study, we observed multiple-membrane containing structures in both 
single isoform lines at a much higher frequency than in wild type (Figure 2.8 and 2.9). Although we 
have not identified these structures, they show similarity to both autophagosomes (Kishi-Itakura et 
al. 2014) and multi-lamellar bodies (Weiss and Minke, 2015).  This could indicate that neurons 
within these single isoform cartridges are not as healthy as their wild-type counterparts, presumably 
because their postsynaptic composition is incorrect. Although we did not observe a reduction in R 
cell numbers at either the light microscropy or the EM level, we always analysed animals that were 
less than one-day old. Older single isoform animals may exhibit photoreceptor degeneration. 
 
Our data demonstrating a reduction in R cell synapses in Dscam2 single isoform lines contrasts with 
previous work that has proposed that R cell synapse formation precedes irrespective of disruptions 
to the postsynaptic compartment or cartridge organization (Brandstätter et al., 1992; Hiesinger et 
al., 2006).  These studies, however, were carried out in flies with surgically injured lamina neurons 
or with loss of function mutations in candidate genes that lead to changes in the activity or the 
organization of the lamina cartridge. Our Dscam2 single isoform lines are gain of function mutants 
with respect to L1 and L2 as these cells have acquired the ability to interact in a Dscam2-dependent 
manner. Since Dscam2 functions as a avoidance cue in these cells, we propose that avoidance 
between L1 and L2 dendrites reduces synapse number and dendrite complexity. However, R cells 
and other lamina neurons also express Dscam2 and could be contributing to the phenotypes 
observed in single isoform lines. L3 is a variable component of the postsynaptic tetrad and is 
estimated to be present in about ~30% of all photoreceptor synapses (Meinertzhagen and O'Neil, 
1991).  L3 expresses isoform A, like L2. Photoreceptors express isoform B mRNA (Lah et al., 
2014), but they do not require Dscam2 for R cell targeting (Millard et al., 2007; Tadros et al., 
2016a) and whether they express Dscam2 protein at all is still unclear. Using an antibody that 
recognises the cytoplasmic domain of Dscam2, protein cannot be detected in the eye disc or optic 
stalk of third instar larvae. Dscam2 protein is also absent from R7 and R8 terminals during pupal 
development (Millard et al., 2007). The caveat to these expression studies is that there may be 
secreted forms of Dscam2 protein that this antibody would not recognise (Graveley et al., 2011). 
Although secreted proteins would not be able to mediate contact-dependent avoidance like 
membrane-bound forms, they could modulate Dscam2B interactions. Regardless of the cells 
involved, disrupting the regulated expression of the two Dscam2 extracellular isoforms clearly 
disrupts synapse formation. 
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Our data using the Dscam2 single isoform lines provide conclusive evidence for the model that 
Dscam2 cell-specific isoform expression is necessary for synaptic exclusion at R cell synapses. 
When L1 and L2 express the same isoform, the number of synapses and the complexity of the 
postsynaptic dendritic array is reduced. The reduction in synapses is likely the result of two aberrant 
processes dependent on avoidance 1) a decrease in the number postsynaptic elements available for 
forming synapses and 2) the failure of L1 and L2 postsynaptic pairing at R cell terminals (Figure 
3.14).  
 
Thus, both probabilistic (Dscam1) and regulated (Dscam2) alternative splicing play crucial roles in 
the formation of photoreceptor synapses. Identifying the splicing regulator of Dscam2 may reveal 
other target transcripts that also contribute to synaptogenesis through cell-specific alternative 
splicing. 
 
 63 
 
Figure 2.14. Model:  Cell-specific isoform expression is necessary for R cell synapse 
formation. (A) Side view of the developing cartridge. When L1 and L2 express different 
Dscam2 isoforms, dendrites from these cells elaborate extensive branches that meet to 
form synapses at the R cell terminal (top). In animals expressing a single isoform, L1 and 
L2 dendritogenesis is normal, but dendritic growth is stunted due to inappropriate 
repulsion between these cells. This results in a reduction of postsynaptic dendrites prior to 
synapse formation (bottom). (B) Cross-sectional view of the developing synapse. When 
L1 and L2 express different Dscam2 isoforms, nascent synapses incorporate one dendritic 
element from each of these cells. Multiple elements from the same cells are excluded 
through Dscam1/Dscam2 self-avoidance (Millard 2010) (top). In animals expressing a 
single isoform, nascent synapses that incorporate L1 and L2 elements are subject to 
inappropriate repulsion at the forming synapse. This could lead to several scenarios 
including:  normal synapses (presumably due to compensatory mechanisms that 
overcome inappropriate repulsion), synapses that lack an L1 or an L2 element and 
synapses that lack both L1 and L2 (bottom). Red arrows indicate inappropriate repulsion 
between L1 and L2. Dscam2A=blue, Dscam2B=pink. 
.  
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2.4. Materials and Methods 
2.4.1. Fly genetics and transgenic lines 
Flies were cultured on standard yeast-agar media at 25oC in a room with windows that exposed 
them to natural day/night cycles. The following Gal4 driver lines were used to restrict expression to 
specific cells: svp-Gal4 (L1neurons; Kyoto#103727; Tan et al. 2015), bab1-Gal4 (L2 neurons; 
Bloomington#47736; Tan et al. 2015).  L1L2-Gal4 (L1 and L2 neurons; Kyoto#105191; Rister et al. 
2007), C202a-Gal4 (Rister et al., 2007), 8-18-Gal4 (L2 neurons).  The following transgenes were 
used for labelling or genetic analysis: Dscam210A-A and Dscam210B-D (Lah et al., 2014), brp-SNAP 
knockin (Kohl et al., 2014), UAS-Syt4GYB (Singari et al., 2014), UAS(FRT.stop)myr::smGdP-V5-
THS-UAS(FRT.stop)myr::smGdP-cMyc (Nern et al., 2015b), 27G05-FLP (Pecot et al., 2013), UAS-
mCD8GFP, FRT79D and tub-Gal80 (Lee and Luo, 2001).  Detailed genotypes are listed in Table 
2.1. 
 
2.4.2. Immunohistochemistry 
Flies were maintained on cornmeal/agar media at 25°C and were dissected for analysis within one 
day of eclosion.  Immunohistochemistry was conducted as described previously (Lah et al., 2014; 
Lee and Luo, 2001). Fly brains were fixed for 45 minutes in (4% PFA-2% for Csp)- 50% PBL in 
0.0025% Triton X-100) and blocked in PBS containing 10% goat serum, 0.5% Trition X-100 for 60 
minutes (Hamanaka and Meinertzhagen, 2010).  Primary and secondary antibodies were incubated 
overnight and washed 3X with PBS, 0.5% Triton X-100.  SNAP labelling was conducted essentially 
as described in Kohl et. al. 2014. Brains were permeabilised in PBS, 0.3% Triton X-100 for 10 
minutes and incubated with chemical tag for 60 minutes at room temperature.  Antibody dilutions 
used were as follows: rabbit anti-GFP(1:1000, Invitrogen, mouse mAb24B10 (1:20, DSHB), mouse 
anti-svp 6F7(1:20, DSHB), mouse anti-Csp (1:10, DSHB), mouse anti-dlg (1:20, DSHB), mouse 
anti-synapsin (1:10,DSHB), mouse anti-nc82 (1:10, DSHB), rat anti-mcherry (1:500, Invitrogen), 
DyLight anti-mouse Cy3 (1:1000, Jackson Laboratory), DyLight anti-rabbit 488 (1:1000, Jackson 
Laboratory), DyLight anti-mouse 647(1:1000, Jackson Laboratory), V5-tag:DyLight anti-mouse 
405 (1:200 AbD Serotec),  V5-tag:DyLight anti-mouse 550 (1:500 AbD Serotec) and SNAP-surface 
549 (4µM, NEB). 
 
2.4.3. Electron microscopy 
Fly heads dissected in a sagittal plane were fixed in 4% PFA and 2.5% glutaraldehyde overnight. 
EM cross-sections of the lamina neuropil were processed by PELCO BioWave for tissue 
preparation.  After buffer rinse (0.1M cacodylate buffer), osmium tetroxide fixation (1% osmium 
tetroxide in cacodylate buffer), water rinse, dehydration (ethanol 50-100%) and resin infiltration 
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(epon) the samples were embedded and polymerised.  After resin polymerization, the samples were 
thin sectioned by Leica EM UC6 ultramicrotome and stained by uranyl acetate (5% in 50% ethanol) 
and lead citrate and lamina cartridges were imaged using Hitachi 7700 120kV TEM.  Electron 
micrographs were then de-identified and analysed by two counters. R cells were defined by the 
presence of capitate projections and/or electron dense synaptic vesicles. Individual lamina neuron 
identities could not be elucidated and where designated as non-R cells. Using ImageJ, counters 
noted the number of T-bars (associated and not associated with R cells), capitate projections and 
multiple membrane-containing structures defined by the criteria of at least a double membranous 
structure (could be more) and a cluster of such structures were classified as one unit. Upon re-
identification of files, the data was sorted for statistical analysis (see below in statistical analyses).  
The statistical differences between the different genotypes were similar between the two counters. 
 
2.4.4. Image acquisition and deconvolution 
Imaging was performed at the Queensland Brain Institute's Advanced Microscopy Facility and 
School of Biomedical Sciences Imaging Facility. Synaptic data and MCFO was imaged on a 
spinning-disk confocal system (Marianas; 3I, Inc.) consisting of a Axio Observer Z1 (Carl Zeiss) 
equipped with a CSU-W1 spinning-disk head (Yokogawa Corporation of America), ORCA-
Flash4.0 v2 sCMOS camera (Hamamatsu Photonics), 63x 1.4 NA P-Apo and 100x 1.4 NA P-Apo 
objectives. Image acquisition was performed using SlideBook 6.0 (3I, Inc). Huygens software 
(Scientific Volume Imaging) was used to deconvolve each channel of raw image stacks individually 
using a theoretical point spread function, automatic background estimation, 40 iterations, signal to 
noise ratio of 20, optimised iteration mode, quality change threshold of 0.1% and a one brick 
layout.  After manual inspection, images that contained artifacts or the borders of individual puncta 
that were not sharply defined were removed from analysis.  Imaris (Bitplane, St. Paul, MN) was 
used to quantify synapse number (shown as puncta) after manual baseline subtraction using the 
surfaces tool to segregate the region of interest (lamina cartridge) and spot tool to quantify with 
puncta specifications as x,y diameter of 0.18µm and z projection of 0.36µm (Mosca and Luo, 
2014).  All images were visually inspected in 3D during the spot tool function to verify 
quantification. MARCM data was imaged on a Leica SP8 laser scanning confocal system with a 
63x Glycerol NA 1.3 objective. 
 
2.4.5. Quantification of dendrite width 
Individual L1 or L2 cells were isolated for quantification of dendrites. The width of the proximal 
and distal sections of the array and the point halfway between the two were measured using ImageJ. 
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An average was calculated with these three measurements to give the mean width of the array. This 
average was then plotted to give results in Figures 3.10, 3.11 and 3.13. 
 
2.4.6. Statistical Analyses 
Statistical analyses were performed using Prism 7.0 software (GraphPad). D’Agostino & Pearson 
omnibus normality tests were conducted to determine whether all datasets followed a Gaussian 
(normal) distribution. The significance for normality test was set at p<0.05 where statistical 
significance equates to a dataset that does not follow a normal distribution. Normally distributed 
datasets were subject to a parametric ANOVA test and a Tukey’s multiple comparison tests.  
Datasets containing non-Gaussian distributions were subjected to a Kruskal-Wallis test (non-
parametric ANOVA) and a Dunn’s multiple comparisons test.  For categorical data we conducted 
Fischer’s exact test. Statistical significance in figures are depicted with asterisks as follows: n.s 
p>0.05, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
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Table 2.1. Genotypes 
Figure Panel Genotype 
Figure 2.1 B w; +; +  
 C w; +; Dscam210A/Dscam210A 
 D w; +; Dscam210B/Dscam210B 
Figure 2.2 B, E w; +; + 
 C, F w; +; Dscam210A/Dscam210A 
 D, G w; +; Dscam210B/Dscam210B 
Figure 2.3 B w; +; + 
 C w; +; Dscam210A/Dscam210A 
 D w; +; Dscam210B/Dscam210B 
Figure 2.4 B w; brp-SNAP/CyO; TM2/TM6B 
 C w; brp-SNAP/CyO; Dscam210A/ Dscam210A 
 D w; brp-SNAP/CyO; Dscam210B/Dscam210B 
Figure 2.5 B–D, D’ w; Bl/CyO; , svp-Gal4/UAS-Syt4GYB 
Figure 2.6 A w; Bl/CyO; , svp-Gal4/UAS-Syt4GYB 
 B w; Bl/CyO;  Dscam210A, svp-Gal4/Dscam210A, UAS-Syt4GYB 
 C w; Bl/CyO;  Dscam210B, svp-Gal4/Dscam210B, UAS-Syt4GYB 
 D w; Bl/CyO; , bab1-Gal4/UAS-Syt4GYB 
 E w; Bl/CyO;  Dscam210A, bab1-Gal4/Dscam210A, UAS-Syt4GYB 
 F w; Bl/CyO;  Dscam210B, bab1-Gal4/Dscam210B, UAS-Syt4GYB 
Figure 2.7 A–C w; + ; + 
 D w; +; Dscam210A/Dscam210A 
 E, F w; +; Dscam210B/Dscam210B 
Figure 2.8 B–C  w; + ; + 
 D, F w; +; Dscam210A/Dscam210A 
 E, G w; +; Dscam210B/Dscam210B 
Figure 2.10 A, D, w; L1L2-Gal4/UAS(FRT.stop)myr::smGdP-V5-THS-
UAS(FRT.stop)myr::smGdP-cMyc; TM2/TM6B  
 B, E w; L1L2-Gal4/UAS(FRT.stop)myr::smGdP-V5-THS-
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UAS(FRT.stop)myr::smGdP-cMyc; Dscam210A/ Dscam210A 
 C, F w; L1L2-Gal4/UAS(FRT.stop)myr::smGdP-V5-THS-
UAS(FRT.stop)myr::smGdP-cMyc; Dscam210B/ Dscam210B 
Figure 2.11 A w; L1L2-Gal4/UAS(FRT.stop)myr::smGdP-V5-THS-
UAS(FRT.stop)myr::smGdP-cMyc; TM2/TM6B 
 B w; L1L2-Gal4/UAS(FRT.stop)myr::smGdP-V5-THS-
UAS(FRT.stop)myr::smGdP-cMyc; Dscam210A/ Dscam210A 
 C w; L1L2-Gal4/UAS(FRT.stop)myr::smGdP-V5-THS-
UAS(FRT.stop)myr::smGdP-cMyc; Dscam210B/ Dscam210B 
Figure 2.12 A w, 27G05-FLP; C202a-Gal4, UAS-mCD8GFP/CyO; FRT79/tub-
Gal80, FRT79 
 B, C w, 27G05-FLP; C202a-Gal4, UAS-mCD8GFP/CyO; Dscam210A, 
FRT79/tub-Gal80, FRT79 
 D w, 27G05-FLP; 8-18-Gal4/UAS-mCD8GFP; FRT79/tub-Gal80, 
FRT79 
 E, F 
 
w, 27G05-FLP; 8-18-Gal4/UAS-mCD8GFP; Dscam210B, 
FRT79/tub-Gal80, FRT79 
Figure 2.13 A w, 27G05-FLP; C202a-Gal4, UAS-mCD8GFP/CyO; FRT79/tub-
Gal80, FRT79 
 B w, 27G05-FLP; C202a-Gal4, UAS-mCD8GFP/CyO; Dscam210A, 
FRT79/tub-Gal80, FRT79 
 C w, 27G05-FLP; C202a-Gal4, UAS-mCD8GFP/CyO; Dscam210B, 
FRT79/tub-Gal80, FRT79 
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Chapter 3: Deterministic splicing of Dscam2 is regulated by 
Muscleblind 
 
Chapter 3 investigates the regulation of Dscam2 cell-type-specific alternative splicing. An RNAi 
screen identifies Mbl as a repressor Dscam2 exon 10A selection. Loss-of-function and 
overexpression studies show that Mbl is required and sufficient for the selection of Dscam2 exon 
10B. 
 
Most of the text in the following chapter was published in the preprint BioRxiv, on August 20, 2018. 
 
Li, J.S.S. and Millard, S.S. (2018). Deterministic splicing of Dscam2 is regulated by Muscleblind. 
BioRxiv, 297101. 
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3.1. Introduction 
Alternative splicing occurs in approximately 95% of human genes and generates proteome diversity 
much needed for brain wiring (Pan et al., 2008; Wang et al., 2008). Specifying neuronal 
connections through alternative splicing would require regulated expression of isoforms with 
unique functions in different cell-types to carry out distinct processes. Although there are some 
examples of neuronal cell-type-specific isoform expression (Bell et al., 2004; Iijima et al., 2014; 
Lah et al., 2014; Norris et al., 2014; Schreiner et al., 2014; Tomioka et al., 2016) the mechanisms 
underlying these deterministic splicing events remain understudied. This is, in part, due to the 
technical difficulties of assessing isoform expression at the single cell level. Another obstacle is that 
most splicing regulators are proposed to be ubiquitously expressed (Nilsen and Graveley, 2010), 
For example, the broadly expressed SR and heterogeneous nuclear ribonucleoproteins (hnRNPs) 
typically have opposing activities, and the prevalence of splice site usage is thought to be controlled 
by their relative abundances within the cell (Blanchette et al., 2009). Although there are many 
examples where splicing regulators are expressed in a tissue-specific manner (Calarco et al., 2009; 
Kuroyanagi et al., 2006; Markovtsov et al., 2000; Ohno et al., 2008; Underwood et al., 2005; 
Warzecha et al., 2009), until recently, reports of cell-type-specific expression have been less 
frequent (McKee et al., 2005; Wang et al., 2018). 
 
In insects, Dscam2 is a cell recognition molecule that mediates self- and cell-type-specific 
avoidance (tiling) (Funada et al., 2007; Millard et al., 2007; Millard et al., 2010). Mutually 
exclusive alternative splicing of exon 10A or 10B produces two isoforms with biochemically 
unique extracellular domains that are regulated both spatially and temporally (Funada et al., 2007; 
Millard et al., 2007). Previously, we demonstrated that the cell-type-specific alternative splicing of 
Drosophila Dscam2 is crucial for the proper development of axon terminal size, dendrite 
morphology and synaptic numbers (Kerwin et al., 2018; Lah et al., 2014; Li et al., 2015a). Although 
these studies showed that disrupting cell-specific Dscam2 alternative splicing has functional 
consequences, what regulates this process remained unclear. Here, we conducted an RNAi screen 
and identified Muscleblind (Mbl) as a regulator of Dscam2 alternative splicing. Loss-of-function 
(LOF) and overexpression (OE) studies suggest that Mbl acts both as a splicing repressor of 
Dscam2 exon 10A and as an activator of exon 10B (hereafter Dscam2.10A and Dscam2.10B). 
Consistent with this, mbl expression is cell-type-specific and correlates with the expression of 
Dscam2 exon 10B. Driving mbl in mushroom body neurons that normally select isoform A, induces 
the expression of isoform B and generates a phenotype similar to that observed in animals that 
express a single isoform of Dscam2. Although the mbl gene is itself alternatively spliced, we found 
that selection of Dscam2.10B does not require a specific Mbl isoform and that the human MBNL1 
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can also regulate Dscam2 alternative splicing.  Our study demonstrates that mutually exclusive 
splicing of Dscam2 is regulated by the cell-type-specific expression of a highly conserved RNA 
binding protein, Mbl.  
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3.2. Results 
3.2.1. An RNAi screen identifies Mbl as a repressor of Dscam2 exon 10A selection 
We reasoned that the neuronal cell-type-specific alternative splicing of Dscam2 is likely regulated 
by RNA binding proteins (RBP) and that we could identify these regulators by knocking them down 
in a reporter background for Dscam2 isoform expression.   In third instar larvae, Dscam2.10B is 
selected in photoreceptors (R cells), whereas the splicing of Dscam2.10A is repressed (Lah et al., 
2014; Tadros et al., 2016b). Given that quantifying a reduction in Dscam2.10B isoform reporter 
levels is challenging compared to detecting the appearance of Dscam2.10A in cells where it is not 
normally expressed, we performed a screen for repressors of isoform A in R cells. 
 
To knock down RBPs specifically in R cells, the glass multimer reporter (GMR)-GAL4 was used to 
drive RNAi transgenes.  Our genetic background included UAS-Dcr-2 to increase RNAi efficiency 
(Dietzl et al., 2007) and GMR-GFP to mark the photoreceptors independent of the Gal4/UAS 
system (Brand and Perrimon, 1993).  Lastly, a Dscam2.10A-LexA reporter driving LexAOp-
myristolated tdTomato (hereafter Dscam2.10A>tdTom; Figures 3.1A-3.1B) was used to visualise 
isoform A expression (Lai and Lee, 2006; Tadros et al., 2016b).  As expected, Dscam2.10B>tdTom 
was detected in R cell projections in the lamina plexus, but Dscam2.10A>tdTom was not (Figures 
3.3A-3.3B). We did score ~12-13% of optic lobes negative for Dscam2.10B>tdTom in R cells but 
speculate that this is likely an artefact of a failure of detection rather than a true negative. A smaller 
proportion and lower level of Dscam2.10B>tdTom was detected in early third instar optic lobes in 
comparison to the prominent expression of Dscam2.10B found in late third instar brains. 
Overexpression of Dcr-2 in R cells did not perturb the repression of Dscam2.10A (Figure 3.3D) and 
knock-down of N-cadherin in this background led to premature termination of R7 axons, as 
previously reported (Lee et al., 2001), demonstrating that Gal4 expression was sufficient to drive 
RNAi-mediated knockdown (Figures 3.2A-3.2B). We knocked down ~160 genes using ~250 RNAi 
lines (Figure 3.1B) and identified two independent RNAi lines targeting mbl that caused aberrant 
expression of Dscam2.10A in R cells where it is normally absent (Figures 4.3C1-3.3C3, 3.3D, 
3.4.A1-3.4A2 and 3.4B).  The penetrance was increased when animals were reared at a higher 
temperature of 29°C, which is more optimal for Gal4 (Mondal et al., 2007; Ni et al., 2008) (Figures 
3.3D, 3.4.A1-3.4A2 and 3.4B).  
 73 
 
 
Figure 3.1. Establishing an R cell model for identifying Dscam2.10A repressors 
(A) Schematic showing the region of Dscam2 exon 10 that undergoes mutually exclusive 
alternative splicing and the LexA isoform-specific reporter lines. Frame-shift mutations in 
the exon not reported are shown. (B) Schematic RNAi screen design for identifying 
repressors of Dscam2 exon 10A selection. R cells normally select exon 10B and repress 
exon 10A. We knocked-down RNA binding proteins in R cells while monitoring 10A 
expression. 
 74 
 
Figure 3.2.  Efficient RNAi knockdown in R cells with GMR-Gal4  
(A-B) Testing knockdown capacity of GMR-Gal4. (A) The R7-R8 axons in the Srp54-
RNAi knockdown appear overtly normal, whereas (B) Ncad-RNAi knockdown cause 
premature termination in R7 axons.  
 
 75 
 
 76 
Figure 3.3. mbl RNAi disrupts Dscam2 alternative splicing. 
(A-C) Dscam2 exon 10A is de-repressed in R cells when mbl is knocked-down. (A1-A3) 
Dscam2.10B control. R cells (green) normally select exon 10B (red). This can be observed in the 
lamina plexus.  Angle brackets demarcate R cell terminals in the lamina plexus. Dscam2.10B is also 
expressed in the developing optic lobe (arrowhead).  (B1-B3) Dscam2.10A is not expressed in R 
cells (green), but is expressed in the developing optic lobe (arrowhead). (C1-C3) Mbl-RNAi mediated 
knockdown in R cells results in the aberrant expression of Dscam2.10A in R cells.  This was only 
detected in a small proportion of R cells likely obscured by the low level of detection.  (D) 
Quantification of Dscam2.10>tdTom expression in third instar R cells with mbl RNAi knockdown. 
Y-axis represents the number of optic lobes with R cells positive for tdTom over total number of 
optic lobes quantified as a percentage. On the x-axis, the presence of a transgene is indicated with a 
blue box and the temperature at which the crosses were reared at was 25°C with some at 29°C. 
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Figure 3.4. Two independent mbl RNAi lines disrupt Dscam2 alternative splicing. 
 (A-B) Knockdown of mbl causes de-repression of Dscam2.10A>tdTom in R cells using 
RNAi from VDRC (A1-A2) and Bloomington (B).  Cell bodies of R cells (red) in the eye-
disc (ed) project through the optic stalk (os) to the optic lobe (ol) display aberrant 
expression of Dscam2.10A. 
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3.2.2. Dscam2 exon 10A selection is de-repressed in mbl loss-of-function mutants 
Mbl-family proteins possess an evolutionary conserved tandem CCCH zinc-finger domain through 
which it binds pre-mRNA. Vertebrate Mbl family members are involved in tissue-specific splicing 
and have been implicated in myotonic dystrophy (Pascual et al., 2006). Formerly known as 
mindmelt, Drosophila mbl was first identified in a second chromosome P-element genetic screen 
for embryonic defects in the peripheral nervous system (Kania et al., 1995). Mbl produces multiple 
isoforms through alternative splicing (Begemann et al., 1997; Irion, 2012) and its function has been 
most extensively characterised in fly muscles where both hypomorphic mutations and sequestration 
of the protein by repeated CUG sequences within an mRNA leads to muscle defects (Artero et al., 
1998; Llamusi et al., 2013). To validate the RNAi phenotype, we tested Dscam2.10A>tdTom 
expression in mbl loss-of-function (LOF) mutants. We first conducted complementation tests on six 
mbl mutant alleles. These included two alleles created previously via imprecise P-element excision 
(mble127 and mble27; Begemann et al. 1997) two MiMIC splicing traps (mblMI00976 and mblMI04093; 
(Venken et al., 2011) and two 2nd chromosome deficiencies (Df(2R)BSC154 and Df(2R)Exel6066; 
Figures 3.5A). Mbl was previously reported to be an essential gene (Kania et al., 1995) and 
complementation tests confirmed that the majority of the alleles were lethal over one another 
(Figure 3.5B). However, we identified two mbl transheterozygous combinations that were partially 
viable and we crossed these into a Dscam2.10A>tdTom reporter background. Both mble127/mblMI00976 
and mblMI04093/mblMI00976 animals showed aberrant Dscam2.10A expression in R cells when compared 
to heterozygous and wild-type controls (Figures 3.6A-3.6H). Eye mosaic clones of mbl LOF 
mutants also exhibited aberrant Dscam2.10A>tdTom expression in R cells (Figures 3.7A-3.7G). 
The weakest allele, mblM00976, which removes only a proportion of the mbl isoforms was the only 
exception (Figures 3.7F and 3.7G).  
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Figure 3.5. Complementation test of mbl alleles identifies viable transheterozygous 
combinations 
(A) Schematic of the mbl gene showing the location of two small deletions (E27 and E127), 
two MiMIC insertions (MI04093 and MI00976) and two deficiencies (Df(2R)Exel6066 and 
Df(2R)BSC154) used in this study. Non-coding exons are in gray, coding exons are black.  
(B) Complementation test of mbl loss-of-function (LOF) alleles. Numbers in the table 
represent number of offspring that are non-CyO over total number of offspring. Most 
transheterygote combinations were lethal with the exception of mblMI00976/mble27 and 
mblMI00976/mblMI04093 (green). 
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Figure 3.6. mbl LOF transheterozygous combinations de-repress Dscam2.10A alternative 
splicing 
(A-G) Mbl transheterozygotes express Dscam2.10A in R cells. (A) Dscam2.10B control showing 
expression in the lamina plexus (angle brackets).  (B) Dscam2.10A control showing no expression 
of this isoform in R cells. Vertical axons are likely projections from transmedullary neurons that 
occupy the medulla, lobula and lobula plate neuropils   (C-E) Heterozygous animals for mbl LOF 
alleles are comparable to control. (F-G) Two different mbl transheterozygote combinations exhibit 
de-repression of Dscam2.10A in R cells. 
(H) Quantification of Dscam2.10>tdTom expression in third instar R cells in whole animal 
transheterozygous mbl LOF. Y-axis represents the number of optic lobes with R cells positive for 
tdTom over total number of optic lobes quantified as a percentage. On the x-axis, the presence of a 
transgene is indicated with a blue box. 
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Figure 3.7. mbl LOF eye mosaics de-repress Dscam2.10A alternative splicing 
(A-G) Eye mosaics of mbl LOF alleles cause de-repression of Dscam2.10A>tdTom in R 
cells. WT mosaic clones in Dscam2.10B>tdTom animals (A1-A4) show normal expression in 
R cells where Dscam2.10A>tdTom is absent (B1-B4). Eye mosaics of mbl LOF, 
Df(2R)BSC154 (C1-C4) and mble27 (E), both show aberrant Dscam2.10A expression in R 
cells. (D) mble27 eye mosaics show slight decrease in Dscam2.10B expression. (F) mblMI00976 
eye mosaics exhibit normal Dscam2.10A repression in R cells. (G) Quantification of 
Dscam2.10>tdTom expression in third instar R cells with mbl LOF eye mosaic clones. Y-
axis represents the number of optic lobes with R cells positive for tdTom over total number 
of optic lobes quantified as a percentage. On the x-axis, the presence of a transgene is 
indicated with a blue box. 
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One explanation of how Dscam2.10A>tdTom expression could get switched-on in mbl mutants, is 
through exon 10 skipping. Removing both alternative exons simultaneously does not result in a 
frameshift mutation and since the Gal4 in our reporters is inserted directly downstream of the 
variable exons (in exon 11), it would still be expressed. To test this, we amplified Dscam2 
sequences between exon 9 and 11 in mble127/mblMI00976 transheterozygous animals using RT-PCR. In 
both control and mbl LOF mutants, we detected RT-PCR products (~690bp) that corresponded to 
the inclusion of exon 10 (A or B), and failed to detect products (~390bp) that would result from 
exon 10 skipping (Figure 3.8A).  This suggested that Mbl is not involved in the splicing fidelity of 
Dscam2.10 but rather its selective mutual exclusion. To assess whether the ratios of the two 
isoforms were changing in the mbl hypomorphic mutants, we cut the exon 10 RT-PCR products 
with the ClaI restriction enzyme that only recognises exon 10A. Densitometric analysis then 
allowed us to semi-quantitatively compare the relative levels of both isoforms. There was ~25% 
increase in the level of exon 10A inclusion in mble127/mblMI00976 animals compared to controls 
(Figures 3.8A and 3.8B), consistent with the de-repression we observed in our 10A reporter lines.  
To determine whether Mbl was specifically regulating Dscam2 exon 10 mutually exclusive 
splicing, we assessed other Dscam2 alternative splicing events. These included an alternative 5’ 
splice site selection of Dscam2 exon 19 and the alternative last exon (ALE) selection of exon 20 
(Figures 3.9A and 3.9B). The expression of these different isoforms was unchanged in mbl LOF 
mutants. Together, our results indicate that Mbl is an essential splicing factor that represses 
Dscam2.10A. 
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Figure 3.8. mbl LOF is associated with the de-repression of Dscam2 exon 10A selection 
not exon skipping. 
(A) Dscam2 exon 10A inclusion is increased in mbl transheterozygotes. (Top) 
Semiquantitative RT-PCR from different genotypes indicated. Primers amplified the 
variable region that includes exon 10. A smaller product that would result from exon 10 
skipping is not observed. (Bottom) Exon 10A-specific cleavage with restriction enzyme 
ClaI shows an increase in exon 10A inclusion in mbl transheterozygotes. Percentage of exon 
10A inclusion was calculated by dividing 10A by 10A+10B bands following restriction 
digest. (B) Quantification of RT-PCR results.  
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Figure 3.9. mbl regulation of Dscam2 is specific to exon 10 
(A) Mbl LOF does not affect other splicing events in Dscam2 transcripts. These encompass 
annotated splice forms in flybase that have not been mentioned in previous publications. 
Semiquantitative RT-PCR from different genotypes indicated. Primers amplified the 
variable region that includes exon 19S/19L or three alternative last exons (ALE). Percentage 
of 19L inclusion was calculated by dividing the 19L band by 19L+19S. Percentage of ALE 
21A and ALE 21BL inclusion was calculated by dividing respectively the 21A and 21BL 
band by 21A+21BL+21BS (total). (B) Quantification of mbl LOF semiquantitative RT-PCR 
experiments. Plots show minimum (bottom line), median (middle line) and maximum (top 
line) points, where individual points depict biological replicates. Dashed line represents 
mean of control.  
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3.2.2. Mbl is necessary for the selection of Dscam2 exon 10B 
Since Dscam2 exon 10 isoforms are mutually exclusively spliced, we predicted that de-repression 
of exon 10A would lead to the loss of exon 10B selection. To test this, we conducted mosaic 
analysis with a repressible cell marker (MARCM) to analyse Dscam2.10B expression in mbl LOF 
clones (Lee and Luo, 1999). In late third instar brains, clones homozygous (GFP-positive) for 
mblE127 and mblE27 exhibited a dramatic reduction in Dscam2.10B>tdTom expression in R cell axons 
projecting to the lamina plexus compared to controls (Figures 3.10A, 3.10B1-3.10B3, 3.10C1-3.10C3 
and 3.10E1-3.10E3). The absence of Dscam2.10B>tdTom in mbl mutant clones was more striking 
during pupal stages (Figures 3.10D1-3.10D2), suggesting that perdurance of Mbl could explain the 
residual signal observed in third instar animals. These results indicate that mbl is cell-autonomously 
required for the selection of Dscam2.10B. 
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Figure 3.10. Drosophila Mbl is necessary for the selection of Dscam2 exon 10B in R cells.  
(A) Schematic of our prediction of conducting mosaic analysis with a repressible cell marker 
(MARCM) with mbl LOF alleles in the visual system using ey-FLP.  WT R cell clones will be 
GFP(+) and Dscam2.10B>tdTom(+) (yellow), whereas mbl LOF R cell clones will be 
Dscam2.10B>tdTom(-) (green). 
(B-E) MARCM mbl LOF clones show de-selection of Dscam2.10B. 
(B1-B3) Control MARCM clones (green) in the 3rd instar optic lobe do not show disruptions in the 
lamina plexus continuation (angle brackets) of Dscam2.10B>tdTom positive R cells. (C1-C3) In 
mble27 clones, Dscam2.10B labelling in the lamina plexus is discontinuous and its absence correlates 
with the loss of Mbl. (D1-D2) This is even clearer in mbl null MARCM clones from midpupal optic 
lobes. (E1-E3) A different allele (mble127) exhibits a similar phenotype.  
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3.2.3. Cell-type-specific mbl expression is transcriptionally regulated 
Previous studies have reported mbl expression in third instar eye-discs and muscles (Artero et al., 
1998; Brouwer et al., 1997). Since mbl LOF results in both the de-repression of Dscam2.10A and 
the loss of Dscam2.10B, we predicted that mbl expression would correlate with the presence of 
isoform B.  To test this, we characterised several mbl reporters. We first analyzed three enhancer 
trap lines (transcriptional reporters) inserted near the beginning of the mbl gene (mblk01212-LacZ, 
mblNP1161-Gal4 and mblNP0420-Gal4) and a splicing trap line generated by the Trojan-mediated 
conversion of a mbl MiMIC (Minos Mediated Integration Cassette) insertion (Figure 3.11A, 
mblMiMIC00139-Gal4; (Diao et al., 2015).  The splicing trap reporter consists of a splice acceptor site 
and an in-frame T2A-Gal4 sequence inserted in an intron between two coding exons. This Gal4 
cassette gets incorporated into mbl mRNA during splicing and therefore Gal4 is only present when 
mbl is translated. Consistent with previous studies and its role in repressing Dscam2.10A, all four 
mbl reporters showed expression in the third instar R cells as shown by their co-localisation with 
anti-chaoptin (a marker for R cells, Figures 3.11B-3.11E).  We next did a more extensive 
characterization of mbl expression by driving nuclear localised GFP (GFP.nls) with one 
transcriptional (mblNP0420-Gal4) and one translational (mblMiMIC00139-Gal4) reporter. In the brain, we 
found that mbl was predominantly expressed in neurons; 90%-100% of mbl-positive cells 
overlapped with ELAV, a marker for postmitotic neurons, but did not overlap with Repo, a marker 
for glial cells (Figures 3.12A-3.12D and 3.12E-3.12H). Interestingly, we detected the translational 
but not the transcriptional reporter in third instar muscles (Figures 3.13A1-3.13A2 and 3.13B1-
3.13B2).  The absence of expression is likely due to the P-element insertion into a neural-specific 
enhancer as described previously (Bargiela et al., 2014). To assess the expression of mbl in the five 
lamina neurons L1- L5, all of which express Dscam2 (Lah et al., 2014; Tadros et al., 2016b), we 
implemented an intersectional strategy to visualise mbl expression at single-cell resolution. We used 
the MultiColor FlpOut (MCFO) reporter UAS>stop>epitope (V5 and cMyc) (Nern et al., 2015a) to 
determine the intersection of mbl-Gal4 and a flip source expressed in lamina neurons, Dac-FLP 
(Figure 3.14B). As a proof of principle, we first did an intersectional analysis with pan-neuronal 
elav-Gal4 (Figure 3.14C1).  We detected many clones encompassing various neuronal-cell-types 
including the axons of L1-L5 and R7-R8 (Figures 4.14C1-4.14C4 and 4.14E). This confirmed that 
all lamina neurons could be detected using this strategy.  Using mbl-Gal4 we found that L1, which 
expresses Dscam2.10B, was the primary neuron labelled. A few L4 cells were also identified, which 
is consistent with this neuron expressing Dscam2.10B early in development and Dscam2.10A at 
later stages (Tadros et al., 2016b). To confirm this, we dissected the expression of mbl in lamina 
neurons during development.  Using the same intersectional strategy, we detected a high number of 
L4 clones at 48hr apf (30%, n=10). This was followed by a decline at 60hr apf (26.7%, n = 30) and 
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72hr apf (11.8%, n = 85) reaching the lowest at eclosion (Figures 4.15A and 4.15B; 1.7%, n=242). 
Thus, mbl expression in L4 neurons mirrors the expression of Dscam2.10B. Consistent with this, 
L2, L3 and L5, were all detected using the intersectional strategy with Dscam2.10A-Gal4, but were 
not labelled using mbl-Gal4 (Figures 3.14E).  
 
Mbl and Dscam2B expression were also detected in adult neurons that innervated the ellipsoid 
body, protocerebral bridge and fan-shaped body of the central complex using mbl-Gal4 and 
Dscam2.10B-Gal4 in combination with Dac-FLP (Figures 3.16D-3.16H). In contrast, the 
expression pattern of Dscam2.10A-Gal4 was different and included neurons in the mushroom 
bodies (MB) and antennal lobes (Figures 3.16A-3.16C).  Together, these results show that cell-type-
specific mbl expression is transcriptionally regulated and correlates with the cell-type-specific 
alternative splicing of Dscam2.  Cells that select Dscam2.10B and repress Dscam2.10A express mbl.  
In contrast, mbl was not detected in cells that repress Dscam2.10B and select Dscam2.10A. 
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Figure 3.11. mbl is expressed in third instar R cells 
Analysis of transcriptional and splicing reporters of mbl expression.  
(A) Schematic showing the insertion locations of different mbl reporters. Translated regions 
(black) and non-translated regions (grey) are shown. 
(B-E) Mbl is expressed in R cells (red) in third instar eye-discs (ed). A mbl enhancer trap 
reporter (B), two mbl transcriptional reporters (C, E) and a mbl splicing trap reporter (D) all 
show expression in the ed that overlapped with a marker of R cells (24B10). 
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Figure 3.12. mbl is expressed in post-mitotic neurons and glial cells 
(A-D) mblMI00139>GFP.nls show predominant expression in neurons and muscles. (A1-A2) 
mblMI00139>GFP.nls overlaps extensively with ELAV (red), a marker for postmitotic 
neurons. (B) In both third instar and adult brains ~90-100% of mblMI00139>GFP.nls (+) cells 
are also ELAV(+). (C1-C2) mblMI00139>GFP.nls overlap minimally with Repo (red), a marker 
for glial cells. (D) In both third instar and adult brains ~0-10% of mblMI00139>GFP.nls (+) 
cells are also repo(+).  
(E-H) mblNP0420>GFP.nls show predominant expression in neurons. (E1-E2) 
mblNP0420>GFP.nls overlaps extensively with ELAV (red). (F) In both third instar and adult 
brains ~80-90% of mblNP0420>GFP.nls (+) cells are also ELAV(+). (G1-G2) 
mblNP0420>GFP.nls overlap minimally with Repo (red). (H) In both third instar and adult 
brains ~10-15% of mblMI00139>GFP.nls (+) cells are also repo(+). 
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Figure 3.13. mbl expression in third instar muscles 
(A) mblMI00139>GFP.nls expression is found in third instar muscles m4-m8, m12 and m13 
(red). (B) mblNP0420>GFP.nls expression is not detected in third instar muscles (red) m4-m8, 
m12 and m13. 
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Figure 3.14. Cell-type-specific mbl expression correlates with Dscam2.10B expression 
(A) A mbl Gal4 reporter (green) is expressed in third instar R cells but not in lamina neuron 
precursor cells labelled with an antibody against Dacshund (DAC, red).  
(B) Schematic of MultiColor FlpOut (MCFO) approach to characterize mbl reporter 
expression in lamina neurons at adult stages. 
(C1-C4) Mbl can be detected in all lamina neurons (V5 or cMyc, Green) using a MCFO 
strategy with a pan-neuronal reporter (elav-Gal4). Lamina neurons were identified based on 
their unique axon morphologies. (D1-D4) An intersectional strategy using mbl-Gal4 labels 
primarily L1 lamina neurons. (E) Quantification of lamina neurons and R7-R8 neurons 
observed using the intersectional strategy. Dark blue and light blue boxes represent high and 
low numbers of neurons expressing the reporter, respectively. 
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Figure 3.15. mbl expression is cell-type-specific in the visual system during 
development. 
(A-B) Quantification of lamina neurons and R7-R8 neurons observed using the 
intersectional strategy during development. (A) Blue boxes represent detection of reporter 
expression at different hours after pupal formation (apf). (B) A plot of the percentage of 
lamina neurons that are L4 as development progresses in the mblNP0420-Gal4 reporter. 
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Figure 3.16. mbl expression correlates with Dscam2.10B in the central brain.  
(A1-A2), Dscam2.10A is detected in antennal lobe local interneurons MB neurons (B1-B2) 
and neurons that innervate both the fan-shape and ellipsoid body (C1-C2).  Dscam2.10B is 
detected in neurons that innervate the ellipsoid body (D), protocerebral bridge (E) and fan-
shape body (F1-F2). Mbl is detected in neurons that innervate the ellipsoid body (G) and the 
protocerebral bridge (H1-H2). Epitope tags used to label neurons were cMyc and V5. 
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3.2.4. Ectopic expression of multiple Mbl isoforms is sufficient to promote the selection of 
Dscam2 exon 10B  
Our analysis in the visual system demonstrated that Mbl is necessary for the selection of 
Dscam2.10B, but we wondered whether it was sufficient to promote exon 10B selection in cell 
types that normally repress this isoform. To test this, we overexpressed mbl ubiquitously and 
monitored isoform B expression using Dscam2.10B>tdTom. We focussed on the mushroom body 
(MB) as it expresses isoform A specifically in α’β’ neurons at 24hr apf (Figures 3.17A1-3.17A2 and 
3.17D1-3.17D2). Consistent with Mbl being necessary for isoform B selection, ubiquitous 
expression of mbl using a UAS insertion at the 5’ end of the gene (Act5c>mblB2-E1), switched on 
Dscam2.10B in α’β’ MB neurons, where it is normally absent (Figure 3.18D). Ectopic mbl 
expression in MB neurons with OK107-Gal4 also led to selection of Dscam2.10B expression 
specifically in α’β’ neurons at 24-36hr apf.  Although our two Gal4 drivers expressed mbl in all 
MB neurons, Dscam2.10B was only observed in α’β’ neurons, demonstrating that transcription of 
Dscam2 is a pre-requisite for this splicing modulation. Previous studies have suggested that the mbl 
gene is capable of generating different isoforms with unique functions depending on their 
subcellular localisation (Vicente et al., 2007). This also includes the production of a highly 
abundant circular RNA that can sequester Mbl protein (Ashwal-Fluss et al., 2014; Houseley et al., 
2006). To assess whether Dscam2 exon 10B selection is dependent on a specific alternative variant 
of Mbl, we overexpressed the cDNAs of fly mbl isoforms (mblA, mblB and mblC; (Begemann et al., 
1997; Juni and Yamamoto, 2009) as well as a variant of the human MBNL1 (MBNL135; (Li et al., 
2008) with either Act5c-Gal4 or OK107-Gal4. These constructs all possess the tandem N-terminal 
CCCH motif that binds to YCGY sequences and lack the ability to produce mbl circRNA. In all 
cases, overexpression resulted in the misexpression of Dscam2.10B in α’β’ MBs (with the 
exception Act5C>mblC, which resulted in lethality; Figures 3.18D-3.18E and 3.19A-3.19I).  
Importantly ubiquitous expression of mbl did not affect Dscam2.10B expression in R cells (Figures 
3.20A-3.20G). Using semi-quantitative RT-PCR from the Act5C>mbl flies, we demonstrated that 
overexpression of mbl did not lead to exon 10 skipping and that it increased exon 10B selection by 
8-24% (Figure 3.21), depending on the mbl isoform used. The inability of Mbl to completely inhibit 
exon 10A selection suggests that other factors or mechanisms may also contribute to cell-specific 
Dscam2 isoform expression (see Discussion).  These results suggest that Mbl protein isoforms are 
all capable of Dscam2.10B selection and independent of mbl circRNA. The ability of human 
MBNL1 to promote the selection of exon 10B suggests that the regulatory logic for Dscam2 
splicing is likely conserved in other mutually exclusive cassettes in higher organisms. 
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Finally, we observed a phenotype in MB neurons overexpressing mbl where the β lobe neurons 
inappropriately crossed the midline (Figures 3.22A-3.22C). Interestingly, a similar phenotype was 
observed in flies expressing a single isoform of Dscam2 that we previously generated using 
recombinase-mediated cassette exchange (Lah et al., 2014). These flies express a single isoform in 
all Dscam2 positive cells. We quantified this phenotype and found that the Dscam2A, but not the 
Dscam2B, single isoform line generated a MB fusion phenotype that was significantly different 
from controls. All of the UAS-mbl constructs except human MBNL1 generated this phenotype at a 
penetrance that was equal to or greater than Dscam2A single isoform lines (Figure 3.22C). These 
data demonstrate that MB phenotypes generated in animals overexpressing mbl, phenocopy Dscam2 
single isoform mutants. While the origin of this non-autonomous phenotype is not known, it 
correlates with the misregulation of Dscam2 alternative isoform expression. 
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Figure 3.17. mbl expression is not detected where Dscam2.10A is expressed  
(A-F) Mbl is not detected in MB neurons that express Dscam2.10A in adults or during 
development. (A1-A2, D1-D2)  Dscam2.10A is expressed in α’β’ mushroom body neurons 
that are not labelled by Fas2 (asterisks). Fas2 labels the αβ and γ subsets of MB neurons. 
Both Dscam2.10B (B1-B2, E1-E2) and mbl (C1-C2, F1-F2) are not expressed in MB neurons. 
Neurons in the midline express both Dscam2.10B and mbl(arrowhead). 
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Figure 3.18. All Mbl isoforms are sufficient to promote the selection of Dscam2.10B. 
(A) Schematic of mbl overexpression (OE) to test whether mbl can drive Dscam2.10B selection in 
α’β’neurons.  
(B) Control showing that Dscam2.10A (red) is expressed in α’β’ neurons at 24hr apf. (C) 
Dscam2.10B is normally repressed in α’β’ neurons). (D) Overexpression of mbl activates 
Dscam2.10B selection in α’β’ neurons. (E) Quantification of Dscam2.10 expression in 24-36hr apf 
α’β’ neurons with and without mbl OE. No gal4 control (black bars), ubiquitous driver (Act5c-
Gal4, grey bars) and pan-mushroom body neuron driver (OK107-Gal4, white bars). Y-axis 
represents the number of tdTom positive (+) α’β’ over the total, expressed as a percentage. Ratio of 
tdTom(+)/total is shown in each bar.  
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Figure 3.19. Ectopic expression of mbl causes aberrant expression of Dscam2.10B in 
α’β’ neurons. 
(A-C) Ubiquitous overexpression (OE) of mbl activates Dscam2.10B expression in α’β’ 
neurons 24-36hr apf. Representative images of α’β’ neurons overexpressing either MblA 
(A), MblB (B) or MBNL135(C) proteins causes aberrant Dscam2.10B expression. 
(D-I) mbl OE specifically in mushroom bodies (MB) causes Dscam2.10B expression in 
α’β’ neurons. Dscam2.10A is expressed in α’β’ neurons (D) where Dscam2.10B is usually 
absent (E). MB specific overexpression of either MblA (F), MblB (G), MblC (H) or 
MBNL135 (I) proteins causes aberrant Dscam2.10B expression specifically in α’β’ neurons. 
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Figure 3.20. Overexpression of different mbl isoforms do not affect Dscam2.10B 
expression in R cells. Dscam2.10A is repressed in R cells (A) where it normally expresses 
Dscam2.10B (B). Overexpression of mblB2-E1 (C), mblA (D), mblB (E) or MBNL135 (F) does 
not affect Dscam2.10B expression in R cells. (G) Quantification of Dscam2.10>tdTom 
expression in third instar R cells with various mbl OE. Y-axis represents the number of 
optic lobes or eye-discs (ed) with R cells positive for tdTom over total number of optic 
lobes quantified as a percentage. On the x-axis, the presence of a transgene is indicated with 
a blue box. 
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Figure 3.21. Mbl OE increases Dscam2 exon 10B inclusion.  
(A) Semiquantitative RT-PCR as in Figure 4.8.  Exon 10A-specific cleavage with restriction 
enzyme ClaI shows an increase in exon 10B inclusion in mbl OE animals, without exon 10 
skipping. (B) Quantification of mbl OE semiquantitative RT-PCR experiments. Plots show 
minimum (bottom line), mean (middle line) and maximum (top line) points, where 
individual points depict biological replicates. One way ANOVA was conducted with 
Tukey’s multiple comparison to compare genotypes to their the control (Act5c-Gal4)  
controls (white bars).  n.s (not significant) P>0.05, ** P<0.01 and ***P<0.001.   
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Figure 3.22. Mbl overexpression results in axon midline crossing defects that 
phenocopy Dscam2 isoform mis-expression. (A) A representative confocal image of 
control adult αβ lobes (red) with clear separation between the two β-lobes at the midline. 
(B) A representative confocal image of adult αβ lobes from an animal overexpressing 
mblA. β-lobe axons inappropriately cross the midline (arrowhead). (C) Quantification of β-
lobe axon midline crossing defects. Numbers in parentheses represent total number of 
mushroom bodies quantified. Fishers exact test was used to compare genotypes to their 
corresponding controls (white bars).  n.s (not significant) P>0.05, * P<0.05 and **** 
P<0.0001.  
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3.3. Discussion 
In this study we identify Mbl as a regulator of Dscam2 alternative splicing. We demonstrate that 
removing mbl in a mbl-positive cell-type results in a switch from Dscam2.10B to Dscam2.10A 
selection. Ectopic expression of a variety of Mbl protein isoforms in a normally mbl-negative 
neuronal cell-type is sufficient to trigger the selection of Dscam2.10B.  Consistent with this, 
transcriptional reporters demonstrate that mbl is expressed in a cell-type-specific manner, which 
tightly correlates with Dscam2.10B. Lastly, misexpression of mbl leads to a MB phenotype that is 
also observed in flies that express a single Dscam2 isoform. 
 
One interesting finding in this study was that mbl expression is cell-type specific. This is consistent 
with what is observed in other species such as C. elegans (Norris et al., 2017), zebrafish (Machuca-
Tzili et al., 2011) as well as chicken (Huang et al., 2008) where Mbl expression is restricted to 
specific neuronal cell-types. Mbl was present in all cells tested that express Dscam2.10B and absent 
from Dscam2.10A cells. Mbl appears to be regulated at the transcriptional level since the enhancer-
trap as well as splicing-trap reporters lack the components crucial for post-transcriptional regulation 
yet still exhibit cell-type-specific expression (Figure 3.11-3.17). This was unexpected as a recent 
study showed that mbl encodes numerous alternative isoforms that could be individually post-
transcriptionally repressed by different microRNAs, thus bypassing the need for transcriptional 
control of the gene. It will be interesting to explore the in vivo expression patterns of other splicing 
factors in Drosophila to determine whether cell-specific expression of a subset of splicing factors is 
a common mechanism for regulating alternative splicing in the brain. 
   
Given that Mbl can repress exon 10A and select exon 10B, it is possible that this single splicing 
factor and its associated co-factors are sufficient to regulate Dscam2 cell-specific isoform 
expression. It could be that Dscam2.10A is the default exon selected when the Mbl complex is not 
present. In this way, cells that express Dscam2 would be ‘10A’ positive if they did not express mbl 
and ‘10B’ positive if they did. The observation that Dscam2 is not expressed in all neurons and our 
RT-PCR data, however, argue that Dscam2 mutually exclusive alternative splicing may be more 
complicated than this model. In MB a’b’ neurons, which select exon 10A, ectopic expression of mbl 
using Act5C-Gal4 can switch on a Dscam2.10B>tdTom reporter, but the change in isoform 
expression in the whole brain as measured by RT-PCR is only 8-24%. One might expect a much 
more dramatic shift to isoform B if Mbl were the only regulator/mechanism involved. In addition, if 
Dscam2.10A were expressed by default in the absence of mbl, we would expect all MB neurons to 
express this isoform, but this is not the case. Further studies, including screens for repressors or 
activators of exon 10B, will be required to resolve this issue. 
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The MB midline crossing phenotype that is generated through both the ectopic expression of mbl 
and Dscam2A single isoform lines supports the idea that this phenotype arises from a disruption in 
Dscam2 cell-specific isoform expression. However, since both single isoform lines have identical 
expression patterns (expressed in all Dscam2-positive cells), one would expect both lines to exhibit 
the midline crossing phenotype if it is caused by inappropriate homophilic interactions between 
cells that normally express different isoforms. This issue may have to do with innate differences 
between isoform A and isoform B that are incompletely understood. It could be that isoform A and 
B are not identical in terms of signalling due to either differences in homophilic binding or 
differences in co-factors associated with specific isoforms. Consistent with this, we previously 
reported that Dscam2A lines produce stronger phenotypes at photoreceptor synapses compared to 
Dscam2B. Another perplexing aspect about the MB phenotype is that it occurs in neurons that either 
do not express Dscam2 (b lobe neurons), or express it at such low levels that it is not detectable 
with our reporters. Thus, the phenotype must arise indirectly. This could occur through 
inappropriate interactions between a’b’ neurons and another non-MB cell type within this brain 
region that expresses Dscam2. Alternatively, this phenotype could be independent of Dscam2 
homophilic binding and instead reflect differences in isoform complexes that form in different 
neurons.  
 
How does Mbl repress Dscam2.10A and select Dscam2.10B at the level of pre-mRNA? The 
vertebrate orthologue of Mbl, MBNL1 binds to YCGY (where Y is a pyrimidine) in pre-mRNAs 
and untranslated regions using its tandem zinc-finger domains, but it is quite promiscuous (Wang et 
al., 2012). The best-characterised alternative splicing events regulated by MBNL1 are exon 
skipping or inclusion events. In general, an exon that contains MBNL1 binding sites upstream or 
within the coding sequence is subject to skipping, whereas downstream binding sites more often 
promote inclusion (reviewed in Konieczny et al 2014). The mechanisms used by fly Mbl to regulate 
splicing have not been characterised in detail, but given that human MBNL1 can rescue many of the 
fly mbl mutant phenotypes (Li et al 2008; other refs), presumably the mechanisms are conserved. A 
simple explanation for how Mbl regulates Dscam2 mutually exclusive splicing would be that it 
binds upstream of exon 10A to repress exon inclusion and downstream of exon 10B to promote 
inclusion. Although there are many potential binding sites for Mbl upstream, downstream and 
within the alternative exons, an obvious correlation between location and repression vs inclusion is 
not observed. There is also a large (3kb) intron downstream of exon 10B that could contain cis 
regulatory elements. Identification of the sequences required for regulation by Mbl will therefore 
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require extensive mapping and ultimately validation using a technique like cross-linking followed 
by immunoprecipitation (CLIP). 
 
Together, our results demonstrate that selective expression of a splicing factor can drive neuronal 
cell-type specific alternative splicing. These data provide clues into how the brain can diversify its 
repertoire of proteins that promote neural connectivity. It is likely that Mbl is regulating the 
alternative splicing of other developmental genes in concert with Dscam2 and therefore regulated 
splicing factors such as Mbl may represent hubs of neurodevelopment.   
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3.4. Experimental procedures 
3.4.1. Fly strains 
Dscam2.10A-LexA and Dscam2.10B-LexA (Tadros et al., 2016b), UAS-Dcr2 and UAS-mbl-
RNAiVDRC28732 (Dietzl et al., 2007), LexAop-myr-tdTomato (attP2, (Chen et al., 2014a), UAS-Srp54-
RNAiTRiP.HMS03941, CadN-RNAiTRiP.HMS02380 and UAS-mbl-RNAiTRiP.JF03264(Ni et al., 2008), UAS-mCD8-
GFP (Lee and Luo, 1999), FRT42D (Xu and Rubin, 1993), mble127 and mble27(Begemann et al., 
1997), mblMI00976 and mblMI04093  (Venken et al., 2011), Df(2R)BSC154 (Cook et al., 2012), 
Df(2R)Exel6066 (Parks et al., 2004), ey-FLP (Chr.1, (Newsome et al., 2000), GMR-myr-GFP, 
mblNP0420-Gal4 and mblNP1161-Gal4 (Hayashi et al., 2002), mblk01212-LacZ (Spradling et al., 1999), 
mblMiMIC00139-Gal4 (H. Bellen Lab), Dac-FLP (Chr.3, (Millard et al., 2007), 
UAS>stop>myr::smGdP-V5-THS-UAS>stop>myr::smGdP-cMyc (attP5, (Nern et al., 2015a), 
Dscam2.10A-Gal4 and Dscam2.10B-Gal4 (Lah et al., 2014) Act5C-Gal4 (Chr.3, from Yash 
Hiromi), OK107-Gal4 (Connolly et al., 1996), UAS-mblA, UAS-mblB and UAS-mblC (D. 
Yamamoto Lab), P(EP)mblB2-E1, UAS-mblA-FLAG and UAS-MBNL135 (Li et al., 2008). 
 
3.4.2. RNAi screening 
The RNAi screen line was generated as follows: GMR-Gal4 was recombined with GMR-GFP on 
the second chromosome. Dscam2.10A-LexA (Tadros et al. 2016) was recombined with LexAop-myr-
tdTomato on the third chromosome. These flies were crossed together with UAS-Dcr-2 (X) to make 
a stable RNAi screen stock. Virgin females were collected from this RNAi screen stock, crossed to 
UAS-RNAi males and reared at 25°C. Wandering third instar larvae were dissected and fixed. We 
tested between one and three independent RNAi lines per gene. Brains were imaged without 
antibodies using confocal microscopy. RNAi lines tested are listed in Table S1. 
 
3.4.3. Semiquantitative RT-PCR 
Total RNA was isolated using TRIzol (Ambion) following the manufacturer’s protocol. Reverse 
transcription was performed on each RNA sample with random primer mix using 200 units of M-
MULV (NEB) and 2μg of RNA in a 20μl reaction, at 42°C for 1 hr.  PCR reactions were set up 
with specific primers to analyse alternative splicing of various regions of Dscam2.  Where possible, 
semi-quantitative PCR was performed to generate multiple isoforms in a single reaction and relative 
levels were compared by electrophoresis.  
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3.4.4. Immunohistochemistry 
Immunostaining were conducted as previously described (Lah et al. 2014). Antibody dilutions used 
were as follows: mouse mAb24B10 (1:20; DSHB), mouse anti-Repo (1:20; DSHB), mout anti-
DAC (1:20; DSHB), mouse anti-Fas2 (1:20; DSHB) rat anti-ELAV (1:200), V5-tag:DyLight anti-
mouse 550 (1:500; AbD Serotec), V5-tag:DyLight anti-mouse 405 (1:200; AbD Serotec), myc-
tag;DyLight anti-mouse 549 (1:200; AbD Serotec), Phalloidin:Alexa Fluor 568 (1:200; Molecular 
Probes), DyLight anti-mouse 647 (1:2000; Jackson Laboratory), DyLight Cy3 anti-rat (1:2000; 
Jackson Laboratory). 
 
3.4.5. Image acquisition 
Imaging was performed at the School of Biomedical Sciences Imaging Facility. Images were taken 
on a Leica SP8 laser scanning confocal system with a 63X Glycerol NA 1.3. 
 
3.4.6. Fly genotypes 
R cell RNAi experiments  
w; GMR-GFP, GMR-Gal4/CyO; Dscam2.10B-LexA, LexAop-myr-tdTomato/TM6B 
w; GMR-GFP, GMR-Gal4/CyO; Dscam2.10A-LexA, LexAop-myr-tdTomato/TM6B 
w, UAS-Dcr-2; GMR-GFP, GMR-Gal4/CyO; Dscam2.10A-LexA, LexAop-myr-tdTomato/TM6B 
w, UAS-Dcr-2; GMR-GFP, GMR-Gal4/UAS-mCD8-RFP; Dscam2.10A-LexA, LexAop-myr-
tdTomato/+ 
w, UAS-Dcr-2; GMR-GFP, GMR-Gal4/UAS-mbl-RNAi(v28732); Dscam2.10A-LexA, LexAop-myr-
tdTomato/+ 
w, UAS-Dcr-2; GMR-GFP, GMR-Gal4/+; Dscam2.10A-LexA, LexAop-myr-tdTomato/UAS-mbl-
RNAi(TRiP.JF03264) 
 
mbl whole animal experiments  
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato/TM6B 
w; +; Dscam2.10A-LexA, LexAop-myr-tdTomato/TM6B 
w; mble127/CyO,GFP; Dscam2.10A-LexA, LexAop-myr-tdTomato/TM6B 
w; mblMI00976/CyO,GFP; Dscam2.10A-LexA, LexAop-myr-tdTomato/TM6B 
w; mblMI04093/CyO,GFP; Dscam2.10A-LexA, LexAop-myr-tdTomato/TM6B 
w; mble127/ mblMI00976; Dscam2.10A-LexA, LexAop-myr-tdTomato/+ 
w; mblMI04093/ mblMI00976; Dscam2.10A-LexA, LexAop-myr-tdTomato/+ 
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mbl ey-FLP mosaic experiments 
w, ey-FLP; FRT42D, GMR-myr-GFP/FRT42D; Dscam2.10B-LexA, LexAop-myr-tdTomato, UAS-
mCD8-GFP/+ 
w, ey-FLP; FRT42D, GMR-myr-GFP/FRT42D; Dscam2.10A-LexA, LexAop-myr-tdTomato, UAS-
mCD8-GFP/+ 
w, ey-FLP; FRT42D, GMR-myr-GFP/FRT42D, Df(2R)154 ; Dscam2.10A-LexA, LexAop-myr-
tdTomato, UAS-mCD8-GFP/+ 
w, ey-FLP; FRT42D, GMR-myr-GFP/FRT42D, mble27; Dscam2.10A-LexA, LexAop-myr-tdTomato, 
UAS-mCD8-GFP/+ 
w, ey-FLP; FRT42D, GMR-myr-GFP/FRT42D, mblMI00976; Dscam2.10A-LexA, LexAop-myr-
tdTomato, UAS-mCD8-GFP/+ 
 
mbl ey-FLP MARCM experiments 
w, ey-FLP; FRT42D, Tub-Gal80/FRT42D; Dscam2.10A-LexA, LexAop-myr-tdTomato, Act5c-Gal4, 
UAS-mCD8-GFP/+ 
w, ey-FLP; FRT42D, Tub-Gal80/FRT42D, mble27; Dscam2.10A-LexA, LexAop-myr-tdTomato, 
Act5c-Gal4, UAS-mCD8-GFP/+ 
w, ey-FLP; FRT42D, Tub-Gal80/FRT42D, mble127; Dscam2.10A-LexA, LexAop-myr-tdTomato, 
Act5c-Gal4, UAS-mCD8-GFP/+ 
 
mbl expression experiments 
w; UAS-mCD8-GFP/+; mblNP0420-Gal4/+ 
w; UAS-mCD8-GFP/+; mblMI00139-Gal4/+ 
w; Dac-FLP/+; elav-Gal4/ UAS>stop>myr::smGdP-V5-THS-UAS>stop>myr::smGdP-cMyc 
w; Dac-FLP/+; mblNP0420-Gal4/ UAS>stop>myr::smGdP-V5-THS-UAS>stop>myr::smGdP-cMyc 
w; Dac-FLP/+; mblMI00139-Gal4/ UAS>stop>myr::smGdP-V5-THS-UAS>stop>myr::smGdP-cMyc 
w; Dac-FLP/+; Dscam2.10A-Gal4/ UAS>stop>myr::smGdP-V5-THS-UAS>stop>myr::smGdP-
cMyc 
w; Dac-FLP/+; Dscam2.10B-Gal4/ UAS>stop>myr::smGdP-V5-THS-UAS>stop>myr::smGdP-
cMyc 
w; +; mblNP0420-Gal4/UAS-GFP.nls 
w; +; mblMI00139-Gal4/UAS-GFP.nls 
 
mbl ectopic expression in MBs 
w; +; Dscam2.10A-LexA, LexAop-myr-tdTomato, Act5c-Gal4, UAS-mCD8-GFP/+ 
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w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, Act5c-Gal4, UAS-mCD8-GFP/+ 
w; P(EP)mblB2-E1/+; Dscam2.10B-LexA, LexAop-myr-tdTomato, Act5c-Gal4, UAS-mCD8-GFP/+ 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, Act5c-Gal4, UAS-mCD8-GFP/UAS-mblA 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, Act5c-Gal4, UAS-mCD8-GFP/UAS-mblB 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, Act5c-Gal4, UAS-mCD8-GFP/UAS-mblC 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, Act5c-Gal4,UAS-mCD8-GFP/UAS-MBNL135 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, UAS-mCD8-GFP/UAS-mblA; OK107-Gal4/+ 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, UAS-mCD8-GFP/UAS-mblB; OK107-Gal4/+ 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, UAS-mCD8-GFP/UAS-mblC; OK107-Gal4/+ 
w; +; Dscam2.10B-LexA, LexAop-myr-tdTomato, UAS-mCD8-GFP/UAS-MBNL135; OK107-Gal4/+ 
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Chapter 4: Concluding remarks 
 
Chapter 4 aims to sum up the findings of this thesis and discuss the future directions and 
implications of this body of work. 
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4.1.  Summary of major findings 
The receptive fields of neurons are organised to ensure correct synaptic inputs and outputs. This is 
complicated by the co-existence of multiple neuron types in dense overlapping areas all 
concurrently coordinating this process. For example, L1 and L2 neurons are two tightly associated 
neurons that tile the fly visual system. Their dendrites and axons form non-overlapping elaborations 
with respective neighbouring L1 and L2 neurons through Dscam2-mediated cell-type-specific 
avoidance (tiling)(Lah et al., 2014; Millard et al., 2007; Millard et al., 2010). L1 and L2 neurons 
lacking Dscam2 fail to restrict their elaborations within their own cartridge/column owing to the 
inability to recognise neighbouring cells.  The observation that both of these cells use Dscam2-
mediated cell-type-specific avoidance raised a puzzling question.  How do L1 and L2 neurons stay 
tightly fasciculated whilst signalling Dscam2-mediated avoidance cues with neighbouring L1 and 
L2 elaborations? Fittingly, Dscam2 is alternatively spliced to produce two isoforms with unique 
binding properties (Millard et al., 2007). It was speculated that if L1 and L2 expressed different 
isoforms, they could retain the ability to signal cell-type-specific avoidance without recognising 
each other (Millard et al., 2010). To test this, Dr. Grace Shin and I analysed Dscam2 isoform-
specific reporters and discovered that Dscam2 alternative splicing is cell-type-specific (Lah et al., 
2014).  Genetically manipulating L1 and L2 neurons to express identical Dscam2 isoforms resulted 
in the reduction of axon arbour area likely due to the inappropriate avoidance between L1 and L2 
axon terminals. Likewise, L1 neurons expressing a different Dscam2 isoform from neighbouring L1 
neurons resulted in tiling defects reminiscent of Dscam2 LOF. These results showed that cell-type-
specific alternative splicing of Dscam2 prevents inappropriate interactions within a column whilst 
preventing unwanted connections with neighbouring columns (See 2.3. Discussion). To further 
characterise defects associated with the Dscam2 isoform mis-expression, Sarah Kerwin and I 
assessed the dendrite morphology and synaptic numbers using both light and electron microscopy. 
We found that Dscam2 single isoform mutants had reduced dendrite elaborations and synaptic 
numbers (Kerwin et al., 2018). These results highlighted the functional importance of Dscam2 cell-
type-specific alternative splicing in permitting correct dendrite elaborations and synaptic 
organisation (See 2.3 Discussion). Finally, to study the regulation of Dscam2 alternative splicing, I 
designed a sensitive and robust way to examine the perturbation of regulated splicing in R cells. 
This allowed me to perform an RNAi screen, which identified mbl as a cell-type-specific regulator 
of Dscam2 alternative splicing (Li and Millard, 2018). In cells that express mbl, LOF de-repressed 
Dscam2.10A and de-activated Dscam2.10B. Conversely, ectopic OE of mbl in cells that do not 
normally express this gene promoted the selection of Dscam2.10B. Consistent with this, I 
discovered that mbl expression correlate tightly with the cell-type-specific expression of 
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Dscam2.10B (See 4.3 Discussion). In summary, I have identified a cell-type-specific RNA binding 
protein, Mbl, that regulates the alternative splicing of Drosophila Dscam2 crucial for axon arbour 
size, dendritic morphology and synaptic organisation.  
 
4.2. Future Directions 
Although this thesis has assessed aspects of Dscam2 alternative splicing, there are many questions 
unanswered regarding the function and regulation of alternative splicing in vivo. In the following 
section, I will suggest experimental approaches to address both specific and broad questions that 
can be explored in the near future. To better understand the mechanistic details about Mbl function, 
in-depth biochemical and molecular analysis will be informative. The first step is to assess how Mbl 
regulates cell-type-specific Dscam2 alternative splicing. The second step is to explore whether these 
mechanisms extend to other gene products. The final step is to find ways to understand how these 
mechanisms emerged through evolution. 
 
4.2.1. How does Mbl regulate Drosophila Dscam2 alternative splicing? 
Results in Chapter 4 provided compelling genetic evidence that Mbl regulates Dscam2 alternative 
splicing. However, it remains unclear as to how this is achieved. To understand this, we must first 
determine whether Mbl directly binds to Dscam2 transcripts. If not, it would be helpful to identify 
the binding partners of Mbl that confer direct binding to Dscam2. To determine whether Mbl 
directly binds to Dscam2 pre-mRNA, RBP immunoprecipitation (RIP) of Mbl should be conducted 
in combination with quantitative real-time PCR (qRT-PCR). This can be achieved by constructing 
epitope-tagged versions of endogenous Mbl or using antibodies against Mbl. If RIP qRT-PCR fails 
to detect Dscam2 transcripts, IP experiments could be conducted to identify binding partners of Mbl 
that confer the direct binding. If Mbl directly binds to Dscam2 transcripts, mapping the binding 
sites would be informative. The variable region of Dscam2 spans ~5kbps (only 573bps of which are 
exonic) and the consensus Mbl binding motif YCGY is observed 63 times.  The laborious task of 
identifying the crucial binding sites of Mbl requires parallel approaches. The first is to employ RNA 
electrophoretic mobility shift assay (EMSA) to systematically narrow regions of binding and 
ultimately validation by mutating specific binding sites. The second is to create animals with 
different deletions of intronic regions to identify cis-regulatory elements crucial for the regulated 
alternative splicing of Dscam2. The two approaches should converge to give an informative answer. 
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4.2.2. What other alternative splicing events does Mbl regulate in Drosophila? 
The splicing events regulated by Mbl are well documented in multiple species (Oddo et al., 2016; 
Wang et al., 2008). However, the transcripts regulated by Mbl in Drosophila, especially in neurons, 
are unknown. To identify other RNA transcripts that Mbl regulates, two approaches can be 
employed. We can first use genome-wide approaches to map Mbl-RNA binding sites like 
conducting high-throughput sequencing of RNA isolated by crosslinking IP (CLIP-seq) (Ule et al., 
2003). An alternative approach would be to fuse Mbl with the catalytic domain of the Drosophila 
RNA-editing enzyme, ADAR (Adenosine deaminase acting on RNA), in a technique called TRIBE 
(targets of RNA-binding proteins identified by editing) (McMahon et al., 2016; Xu et al., 2018). In 
this technique, Mbl target transcripts would contain novel RNA editing events and could be 
identified via RNA sequencing. The second step is to validate the relevance of these Mbl-RNA 
binding sites. RNA-seq of Mbl-OE and Mbl-deficient animals can be compared to control animals 
to identify alternative splicing events that are perturbed. This can be cross-referenced with the Mbl-
binding sites to determine if events are directly affected by Mbl manipulations. Furthermore, 
genetic manipulations can be conducted in more specific neuron populations, FAC sorted to 
conduct CLIP- and RNA-seq (Tan et al., 2015; Zhang et al., 2016a).  
 
4.2.3. What regulates cell-type-specific mbl expression? 
One observation we found was the cell-type-specific expression of mbl. This is consistent to what is 
observed in C. elegans (Norris et al., 2017), zebrafish (Machuca-Tzili et al., 2011) as well as 
chicken (Huang et al., 2008) where Mbl expression is restricted to specific neuronal cell-types. How 
this is regulated remains unknown. Although a recent study has suggested that Drosophila mbl is 
post-transcriptionally repressed by microRNAs (mir-277 and mir-304)(Cerro-Herreros et al., 2016), 
we believe that it is likely transcriptionally regulated, at least in the nervous system. Firstly, we did 
not observe the aberrant expression of Dscam2.10B in α’β’ neurons of mir-304 LOF animals nor 
did we see de-repression of Dscam2.10A when overexpressing mir-304 in photoreceptors (data not 
shown). Secondly, both of our mbl reporters (transcriptional and splicing trap) show cell-type-
specific expression despite lacking the 3’UTR components necessary for miRNA repression. 
Therefore, cell-type-specific expression of mbl is likely transcriptionally regulated. To identify 
transcriptional regulators of mbl, endogenous Mbl can be GFP-tagged in S2 cells. Using a recently 
published technique (Viswanatha et al., 2018), LOF and OE pooled genome-wide CRISPR screens 
of all transcription factors can be conducted in S2 cells to determine components that alter GFP 
fluorescence level. Candidates can be first validated by luciferase assay then by genetic experiments 
in vivo. 
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4.2.4. Do other RBPs regulate Dscam2 alternative splicing? 
As observed in our semi-quantitative experiments, manipulating mbl levels resulted in modest 
changes in Dscam2 isoform changes (Figures 4.8 and 4.21). This can be due to an incomplete 
removal of Mbl in our LOF experiments and a weak OE of mbl cDNA in our ectopic OE studies. 
An alternative explanation is that Dscam2 alternative splicing is co-regulated by other RBPs. 
Complementing the search for repressors of Dscam2.10A in Chapter 4, a preliminary candidate 
RBP RNAi screen was conducted in hopes to identify repressors of Dscam2.10B. Aberrant 
Dscam2.10B expression in α’β’ neurons was observed when we ubiquitously (Act5c-Gal4) 
expressed an RNAi line (TRiP.JF02600) that knocks down Rbfox1 during early to midpupal stages. 
Unfortunately, we were unable to replicate this with another RNAi line (TRiP.HMS00478)(Data 
not shown). If Rbfox1 is a repressor of Dscam2.10B, its expression should be absent in cells that 
express Dscam2.10B, such as R cells. We observed low to no expression of an endogenously GFP-
tagged Rbfox1 (Rbfox1MI07729-GFSTF.0) in R cells. However, Rbfox1 expression was observed in all 
lamina neurons during mid-pupae inconsistent with its role in repressing Dscam2.10B (Data not 
shown). Consistent with this, the RNA-seq data from a recent study (Tan et al., 2015) detected 
substantial levels of Rbfox1 in all lamina neurons and low levels in R7-R8 during development. 
Finally, de-repression of Dscam2.10A was not observed in R cells by the overexpression of Rbfox1 
(GMR>Rbfox1EY01049) nor with an extra Bacterial Artificial Chromosome (BAC) copy of Rbfox1 
(Data not shown). Although our evidence suggests that Rbfox1 is an unlikely regulator of Dscam2 
alternative splicing, a thorough LOF and OE analysis of Rbfox1 is required to make its involvement 
conclusive.  
 
4.2.5. What are other alternative splicing events that are cell-type-specific? 
A broader question to ask is how general is cell-type-specific alternative splicing? This might 
provide insight as to how the mechanisms of gene splicing evolved. A recent study conducted 
RNA-seq on seven Drosophila neuronal cell-types (L1-L5 and R7-R8 neurons) at stages prior to or 
during early stages of synapse formation (Tan et al., 2015; Zhang et al., 2016a). Although these 
studies focused on analysing the expression levels of genes, it can be potentially mined for 
alternative splicing events that are cell-type-specific. To narrow the number of genes to study, we 
must first choose genes that are alternatively spliced and have similar expression level between 
chosen cell-types (eg. L1-L5). Of these genes, splicing events that are unique to specific cell-types 
can be chosen for further analysis. Unfortunately, not all unique splicing events will generate gene 
products that have unique function. Therefore, it is important to test whether isoforms have distinct 
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function. To determine this, we would first need to conduct isoform-specific LOF studies similar to 
that of Dscam2 (Tadros et al., 2016b) but in S2 cells so that it will be more high throughput. 
 
Harder to answer are questions regarding how regulated alternative splicing that produces unique 
function emerged through evolution. Did the emergence of unique function of isoforms precede the 
acquisition of regulated splicing or did regulated splicing precede unique function?  Moreover, does 
the prevalence of regulated alternative splicing with unique function scale with the complexity of 
brain wiring? Comparative analysis of the transcriptomes and connectomes of both closely and 
distantly related Drosophilids/insects would be required to answer these questions. 
 
4.3. Conclusion 
In summary, this thesis presents a thorough genetic dissection of the regulation and function of 
Drosophila Dscam2 alternative splicing in neurons. The deterministic splicing of Dscam2 is crucial 
for proper development of axon arbour size, dendritic morphology and synaptic numbers. Finally, 
the simple presence or absence of Mbl was identified to be the cell-type-specific determinant of 
which Dscam2 isoform is selected. Understanding the mechanisms underlying the regulation and 
function of Dscam2 cell-type-specific alternative splicing hope to unravel general principles by 
which functional diversity is achieved by the proteome.
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